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ABSTRACT 
We investigated the potential of Blue Tilapia (Oreochromis aureus) as a means for 
biological control of duckweed in agricultural impoundments, and assessed the potential 
for naturalization of this non-native fish in coastal regions of South Carolina.  Additionally, 
we studied growth characteristics and nutrient accumulation abilities of duckweed (Lemna 
minor) growing in agricultural impoundments in the piedmont and coastal plain.  
Observations of tank feeding trials indicated juvenile Blue Tilapia consumed 36 – 86% of 
their body weight in fresh duckweed every 24 hours.  Tilapia were stocked in agricultural 
impoundments in the piedmont and coastal plain during the 2012 and 2013 growing 
seasons.  Duckweed population densities (19, 310 kg/ha) at time of stocking prevented 
survival of tilapia due to anoxic conditions.  As a result, we were unable to measure 
duckweed control by tilapia in impoundments.  Cold tolerance trials were conducted using 
juvenile Blue Tilapia (38 – 54 mm TL) to determine LT50 and LT100.  Observed lethal 
temperatures were LT50 = 8.8° C and LT100 = 6° C.  Investigations of duckweed growth 
characteristics in agriculture impoundments from April to October revealed monthly 
changes in duckweed water surface coverage and biomass.  Duckweed coverage of ponds 
was highest in August (98.75%) and lowest in October (77.8%).  Duckweed biomass was 
highest in July (2.93 kg/m2) and lowest in October (1.76 kg/m2).  Attempts to predict 
duckweed biomass in terms of percent surface coverage were unsuccessful due to 
variability of biomass as surface coverage neared 100%.  Duckweed tissue was analyzed 
to determine nutritional quality, nutrient concentrations, and bioconcentration ability.  
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Observed crude protein (20.38%) and fat (2.38%) contents indicate duckweed was 
comparable to other plant sources of protein in livestock feeds.  Nutrient concentrations 
observed in duckweed tissue in descending order were: K, Ca, Fe, Mn, P, Mg, Zn, and Cu.  
Analysis of nutrient accumulation indicated duckweed bioconcentration was significant for 
all measured nutrients.  We ranked nutrient accumulation for macro and micro nutrients.  
Rankings were as follows: primary macro (P > K), secondary macro (S > Ca > Mg), and 
micro (Mn > Fe > Zn > Cu).  Based on results of this study, Blue tilapia have potential as 
a biological control option for duckweed when used responsibly.  Additionally, duckweed 




I would like to thank Clemson Cooperative Extension Service for authorizing and 
funding this research project.  I would like to thank Drs. Mark Scott, William “Billy” 
Bridges, Rickie Davis, John Mueller and Jack Whetstone for serving on my committee.  
Analysis of data collected in this study could not have been done without the expert 
assistance of Dr. Billy Bridges.  I cannot thank Dr. John Mueller enough for his service 
throughout this project.  He has provided insight, devoted resources, and proof read more 
than he should ever have had to.  Though this research project was outside Dr. Mueller’s 
normal area of research interest, he has been a very valuable asset to the project.  Jack 
Whetstone has long served as my mentor.  He is a great person, and I truly appreciate all 
the knowledge he has shared with me over the years.  A special thanks is due to the soon 
to be “Dr.” Andrew McQueen.  Andrew was instrumental in the cold tolerance trials, and 
without his assistance I doubt they would have been possible.  It is hard to put in words 
sufficient gratitude to Dr. John Rodgers for his involvement in this project.  Dr. Rodgers 
gladly accepted the role of my main advisor when I suddenly found myself without an 
advisor half way through this project.  While my research was not in his normal area of 
work, he welcomed me with a smile when other faculty members whom appeared to be a 
better match wouldn’t bother to return a call or email.  Dr. Rodgers I am truly grateful for 
all that you have done for me, Clemson University is a better place because of you!  Finally, 
I would like to thank my wife for enduring the late nights and long trips away from home 
v 
that were required while working full time and completing this degree simultaneously.  My 
sincerest thanks to all of you! 
vi 
TABLE OF CONTENTS 
Page 
TITLE PAGE .................................................................................................................... i 
ABSTRACT ..................................................................................................................... ii 
ACKNOWLEDGEMENTS ............................................................................................ iv 
LIST OF TABLES .......................................................................................................... ix 
LIST OF FIGURES ......................................................................................................... x 
CHAPTER 
1.  LITERATURE REVIEW  ................................................................................. 1         
Blue Tilapia ..................................................................................................... 1
Duckweed ........................................................................................................ 6
Study Objectives ........................................................................................... 11
Literature Cited ............................................................................................. 12
2. DUCKWEED (Lemna minor) CONSUMPTION BY BLUE TALAPIA
(Oreochromis aureus) IN FEEDING TRIALS ................................................ 23 
Abstract ......................................................................................................... 23 
Introduction ................................................................................................... 23 
Study Area ..................................................................................................... 25 
Study Design ................................................................................................. 26 
Analysis ......................................................................................................... 27 
Results ........................................................................................................... 27 
Discussion ..................................................................................................... 28 
Summary ....................................................................................................... 30 
Tables and Figures ........................................................................................ 31 
Literature Cited ............................................................................................. 34 
vii 
Table of Contents (Continued)        
Page 
3. EVALUATION OF DUCKWEED (Lemna minor) DENSITY AND SUCCESS
OF BLUE TILAPIA (Oreochromis aureus) STOCKINGS FOR BIOLOGICAL
CONTROL OF AQUATIC PLANTS IN SOUTH CAROLINA’S PRIVATE
WATERS ........................................................................................................ 38 
Abstract ......................................................................................................... 38 
Introduction ................................................................................................... 39 
Study Area ..................................................................................................... 41 
Study Design ................................................................................................. 41 
Analysis ......................................................................................................... 42 
Results ........................................................................................................... 43 
Discussion ..................................................................................................... 44 
Summary ....................................................................................................... 45 
Tables and Figures ........................................................................................ 46 
Literature Cited ............................................................................................. 47 
4. COLD TOLERANCE OF BLUE TILAPIA (Oreochromis aureus) STOCKS IN
SOUTH CAROLINA...................................................................................... 50 
Abstract ......................................................................................................... 50 
Introduction ................................................................................................... 50 
Study Area ..................................................................................................... 54 
Study Design ................................................................................................. 54 
Analysis ......................................................................................................... 56 
Results ........................................................................................................... 56 
Discussion ..................................................................................................... 58 
Summary ....................................................................................................... 60 
Tables and Figures ........................................................................................ 61 
Literature Cited ............................................................................................. 69 
5. BIOMASS MEASUREMENTS OF DUCK WEED (Lemna minor) IN SOUTH
CAROLINA AGRICULTURAL IMPOUNDMENTS................................... 74 
Abstract ......................................................................................................... 74 
Introduction ................................................................................................... 75 
Study Area ..................................................................................................... 76 
Study Design  ................................................................................................ 76 
Analysis ......................................................................................................... 77 
Results ........................................................................................................... 77 
viii 
Discussion ..................................................................................................... 79 
Summary ....................................................................................................... 81 
Tables and Figures ........................................................................................ 82 
Literature Cited ............................................................................................. 89 
6. CHEMICAL COMPOSITION AND EVALUTION OF NUTRIENT
ACCUMULATION IN DUCKWEED (Lemna minor) .................................. 91 
Abstract ......................................................................................................... 91 
Introduction ................................................................................................... 91 
Study Area ..................................................................................................... 93 
Study Design  ................................................................................................ 94 
Analysis ......................................................................................................... 96 
Results ........................................................................................................... 97 
Discussion ..................................................................................................... 99 
Summary ..................................................................................................... 101 
Tables and Figures ...................................................................................... 103 
Literature Cited ........................................................................................... 108 
7.      CONCLUSION: A SUMMATION OF RESULTS AND CLOSING 
REMARKS .................................................................................................. 113 
Conclusion .................................................................................................. 113 





LIST OF TABLES 
 
Table                        Page 
2.1   Physical measurements of juvenile Blue Tilapia prior to  
                 feeding trials ............................................................................................. 31 
 
4.1        Water quality measurements from Blue Tilapia cold tolerance  
                 trials .......................................................................................................... 61 
 
4.2         Reported lethal temperatures (LT100) for Blue Tilapia ................................ 62 
 
4.3         Mean coastal water temperatures for the winter months  
                  of 2014 – 2015 ......................................................................................... 63 
 
5.1         Mean duckweed surface coverage from agriculture ponds  ........................ 82 
 
5.2         Mean duckweed biomass from agriculture ponds ....................................... 83 
 
6.1         Water quality measurements from agricultural 
                  impoundments ....................................................................................... 103 
 
6.2         Comparison of Relative Percent Difference for nutrient  
                  concentrations in water .......................................................................... 104 
 
6.3         Comparison of Relative Percent Difference for nutrient  
                  concentrations in duckweed .................................................................. 105 
 
6.4         Nutrient concentrations and corresponding Accumulation Factors .......... 106 
 
6.5         Ranking of macro and micro nutrient accumulation in naturally  







LIST OF FIGURES 
Figure Page 
2.1 Study design for tilapia feeding trials .............................................................32 
2.2  Observed change in duckweed biomass in feeding trials ..............................33 
3.1  Experimental design for field studies to assess tilapia control 
of duckweed ................................................................................................46 
4.1  Experimental design for aquaculture tanks depicting 
pseudo-replicates.........................................................................................64 
4.2 Distribution of tilapia mortalities by corresponding lethal 
temperature. ................................................................................................65 
4.3 Observed lethal temperature for tilapia by total length ..................................66 
4.4 Survival regression using the Kaplan-Meier non-parametric method ............67 
4.5 Condensed survival regression using the Kaplan-Meier 
non-parametric method ...............................................................................68 
5.1 Mean duckweed water surface coverage by month ........................................84 
5.2 Mean duckweed water surface coverage by month for study sites ................85 
5.3 Relationship of duckweed biomass and percent water surface 
 coverage ......................................................................................................86 
5.4 Relationship of duckweed biomass to percent water surface 
coverages below 85% .................................................................................87 
5.5 Relationship of duckweed biomass to percent water surface 





Blue Tiliapia (Oreochromis aureus, Steindachner) belong to the Chiclidae family.  
This family is comprised of over 1,300 species of fish native to Africa, the Middle East, 
Central and South America, and Southern India.  Current distribution of Oreochromis spp. 
includes: the Jordan Valley, Lower Nile, Chad Basin, Benue, middle and upper Niger, 
Senegal River, as well as introduced populations in the United States, Central and South 
America (Kullander 1999). 
Within this family there are about 150 species that are classified as tilapia (Paz 2004 
and Kullander 1999).  The Blue Tilapia is native to the Middle East and Africa (ISSG 
2006).  It is a benthopelagic fish found in both fresh and brackish waters (Paz 2004).  Blue 
Tilapia are native to tropical or sub-tropical climates, and tolerate water temperatures in 
the range of 8-30⁰C (Trewavas 1983).  Maximum growth rates occur at temperatures in the 
range of 29-31⁰ C (Popma and Masser 1999).  Armas-Rosales (2006) compiled results of 
cold tolerance studies, and reported the lower lethal temperature of tilapia ranged from 3-
13° C.  Spawning occurs when water temperatures reach 20-22⁰C (McBay 1961, Shafland 
and Pestrak 1982).  The species exhibits both nest building and mouth brooding 
reproductive behaviors (Popma and Masser 1999).  Males develop a territory in which they 
build a nest where they will spawn with multiple females (McBay 1961, Popma and Masser 
1999).  Females spawn multiple times during the year (Messina et al. 2010).   Blue Tilapia 
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have been described as obligate herbivores (Noble 1989).   Research suggests this may be 
an improper designation.  Studies indicate there is great variability in diet based on 
location, food availability, and fish size/age (Gu et al. 1997, Mallin 1985, Noble 1989, 
Stong 2010, Sparatu and Zorn 1978, and Zohary et al. 1994).    Mallin (1985) described 
the Blue Tilapia as an opportunistic omnivore.   Blue Tilapia feed on numerous species of 
aquatic macrophytes, filamentous algal species, phytoplankton, zooplankton, detritus, and 
other fish (Mallin 1985, S. Oliveira Jr. 2005, Schwartz et al. 1986, McDonald 1985, 
Schwarts and Maughan 1984). 
Tilapia have been an important protein source for human populations in their native 
range for thousands of years.  Archeological findings in Egyptian tombs indicate tilapia 
were cultured in Egypt over 3,000 years ago (Popma and Masser 1999).  Tilapia exhibit 
several characteristics that make them well suited for culturing.  They are hardy, tolerate 
poor water quality, can be grown in fresh or salt water, grow well in high densities, are 
easily reproduced, and their flesh is desirable as a food (Pillay 1990).  The suitability of 
tilapia to aquaculture systems has led to tilapia distributions far outside their native range.  
Today, tilapia are the most widely cultured fish in the world (Tetreault 2006).    While there 
are several commercially important genera of tilapia, Oreochromis genus is the most 
commercially important outside of their native range (Popma and Masser 1999).  The 
hardiness and ease of culture combined with desirable food qualities have made 
Oreochromis species increasingly important to aquaculture in the United States.  
Commercially important tilapia producing countries include: Bangladesh, Brazil, China, 
Colombia, Costa Rica, Cuba, Egypt, Honduras, Indonesia, Malaysia, Mexico, Philippines, 
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Saudi Arabia, Taiwan, Thailand, United States, Vietnam, and others (Fitzsimmons et al. 
2010).  World tilapia production in 2009 was over 3,000,000 metric tons (Fritzsimmons et 
al. 2010). Tilapia markets in the US have expanded exponentially since the early 1990s.  
Tilapia sales in the US were estimated to be $751,085,981 in 2009 (Fritzsimmons et al. 
2010).  Current sales are attributed primarily to imports from China and Taiwan (Tetreault 
2006).  Despite the dramatically increasing market, US production has remained fairly 
stable over the past decade (Fritzsimmons et al. 2010).  Increases in US tilapia production 
are likely to occur in the near future.  There are several reasons for this assumption 
including: per capita consumption of tilapia has surpassed catfish, tilapia production costs 
are lower than for catfish production, and the recognition of tilapia as a “Green” or 
environmentally friendly aquaculture species (Fritzsimmons et al. 2010; Tetreault 2006).  
Tilapia have been cultured in the southeastern US since the 1950s.  The first Blue 
Tilapia documented in the US were at Auburn University in 1954 (Radonski et al. 1984).  
Southeastern US tilapia aquaculture has developed to supply several markets.  Two niche 
markets have added value to production in the area.  Tilapia are sold as fingerlings to 
private pond owners as a food supplement for largemouth bass (Goldsby 2004).  As trophy 
bass management in small waters continues to gain interest, so does the use of tilapia as a 
feed supplement.   The other niche market that has arisen is the use of tilapia as biological 
means of algae and aquatic weed control (Whetstone and Watson 2004).  The majority of 
tilapia sold for these two new markets are small fingerlings.  Fingerling tilapia prices are 
far greater than food size tilapia on a weight basis.  Fingerlings (2-4” total length) range in 
price from $0.75-2.00 per fish ($100+/lb) depending on availability and time of year 
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(Consultation with SC tilapia culturists, 2014).  In addition to higher prices, inputs are 
lower as grow out is shortened to several weeks.   Food-size live tilapia have a wholesale 
value of $1.80-2.60 per pound, but these fish have 6-8 months of financial inputs to achieve 
these values (Consultation with SC tilapia culturists, 2014). 
Tilapia are important to aquaculture in South Carolina.  There are 41 privately 
owned commercial aquaculture centers recognized by the South Carolina Department of 
Natural Resources.  Of these 41 centers, 20 (48.7%) produce and or sell live tilapia 
(SCDNR 2011).  South Carolina grown tilapia are marketed primarily as fingerlings for 
stocking in privately owned ponds.  These fish are stocked for aquatic weed control and as 
supplemental forage for predatory fish (primarily Northern largemouth bass, Micropterus 
salmoides).    The value of these fingerlings ranges from $25.00-100.00 per pound (based 
on phone conversations with SC Licensed Fish Dealers in 2012).  Current value of tilapia 
fingerlings puts them as the highest value fish in most SC aquaculture.  For comparison, 
typical pond fish [Bluegill (Lepomis macrochirus) and N. Largemouth Bass] fingerlings 
are marketed at $0.40-0.60 per fingerling. 
Numerous studies have been conducted to analyze the feeding behavior of tilapia 
(Noble 1989, Sparatu and Zorn 1978, Zohary et al. 1994, Sparatu 1976, Mallin 1985, Gu 
et al. 1997, Whetstone 2002, Cailteux 1988, Oliveira 2005, and Schwartz et al. 1986).  
Studies conducted by Oliveira (2005), Mallin (1985), Zohary et al. (1994), and Sparatu and 
Zorn (1978) examined stomach contents or conducted stable isotope analyses to determine 
feeding behaviors.  These studies provided critical information on the diverse diets of 
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introduced tilapia populations.  Feeding trials conducted by Schwartz and Maughan (1984) 
ranked feeding preferences of Blue Tilapia for five aquatic plants.  Najas guadalupensis 
(Spreng.) was the preferred species followed by, Chara spp. (L.), filamentous algae, 
Potamogeton pectinatus (L.), and P. nodosus (Poir.).  Their tests were performed in holding 
tanks/aquariums that contained only the aquatic plants they stocked as potential food 
sources for tilapia.  Their study addresses only those plant species selected by the 
researchers.  For accurate evaluation of the potential of Blue Tilapia as a means of aquatic 
weed control in ponds it is imperative to conduct feeding tests in which representatives of 
each known food type are present (i.e. phytoplankton, zooplankton, detritus, invertebrates, 
juvenile fish, algaes, and macrophytes).  Research conducted by Whetstone (2002) and 
Schwartz et al. (1986) examined the effectiveness of tilapia at controlling aquatic plants in 
small ponds.  Both studies were conducted using Blue Tilapia.  Whetstone concluded that 
stocking rates of 200-400 fingerlings per acre provided control of filamentous algae in as 
little as one month.  Whetstone also found that tilapia controlled watermeal (Wolffia spp.) 
at these stocking densities, however he suggested further research be conducted with 
watermeal as he only had one replicate in his study.  Schwartz et al. (1986) concluded that 
stocking rates of 500 to 2500 adult Blue Tilapia per hectare could control Najas and Chara. 
Utilization of tilapia outside of their native range should receive thorough 
consideration and take into account research on their potential to cause negative 
environmental impacts.  Canonico et al. (2005) stated that feral populations of tilapia are 
present in every nation in which they have been introduced.  Tilapia have been described 
as the most widely distributed exotic fishes in the world, and have become naturalized in 
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nearly every body of water they have entered (Canonico, 2005, Courtenay, 1997, Costa-
Pierce, 2003, Knight and Devi, 2009).  The ability to not only survive, but to thrive across 
continents is due to several biological characteristics that tilapia possess.  Tilapia have the 
ability to tolerate a wide range in water temperatures (Armas-Rosales, 2006 and Paz, 2004).  
Blue Tilapia grow and mature quickly.  Females reach maturity in only a few weeks 
(Knight and Devi, 2009, and Noble, 1989).  Blue Tilapia diets are highly diverse, and 
include items from multiple trophic levels (Mallin 1985, S. Oliveira Jr. 2005, Schwartz et 
al. 1986, McDonald 1985, Schwarts and Maughan 1984).  Tilapia are capable of tolerating 
a wide range of water quality parameters; most notably are tolerant of low dissolved 
oxygen and high salinities (Popma and Masser, 1999).  The combination of these factors 
make Blue Tilapia a potentially invasive species throughout most of the temperate and 
tropical world.  Impacts of Blue Tilapia introduced populations on native ecosystems have 
been documented (Knight and Devi, 2009).  Research has shown that tilapia alter native 
communities through competition for food resources, predation of other fishes, competition 
for nesting habitat, and changes in aquatic macrophyte communities (Knight and Devi, 
2009, Schwartz et al., 1986).  Future utilization of tilapia outside of their native range 
should only be considered when potential risks to existing natural systems have been 
assessed and deemed negligible. 
Duckweed 
The duckweed family (Lemnaceae) is comprised of 5 genera, consisting of 33 
species.   Members of the Lemnacea family are small floating plants that can be found 
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growing in still fresh waters around the globe (Wang et al. 2011).   Duckweeds exhibit 
unique growth forms, in which all structures not essential to life on the water surface have 
been reduced (Hillman and Culley 1978).  Through this reduction of unnecessary 
structures, duckweed has a simple plant body that lacks leaves or stems.  Duckweed doesn’t 
have true roots, and the biomass of root like structures is greatly reduced when compared 
to other floating monocots (Hillman and Culley 1978).  Wang et al. (2011) stated that the 
duckweed family was comprised of the smallest flowering plants and that they exhibited 
the fastest growth of any flowering plant.  Under ideal conditions duckweed populations 
can double in biomass every 3 to 6 days (Beckan et al. 2009 and Vatta et al. 1995).  Ge et 
al. (2012) reported that duckweed populations grown in swine lagoon wastewater exhibited 
a 600% increase in biomass during an 18 day trial.  Duckweeds exhibit year round growth 
where temperatures permit.  Populations are sustained in areas subject to freezing through 
overwintering of seeds.   
The wide distribution and growth characteristics of duckweeds have created interest 
in the areas of biofuel production, animal feed, and waste water treatment (Culley and Epps 
1973, Truax et al. 1972, Ozengin and Elmari 2007, and Sutton and Ornes 1975).  These 
areas have been extensively studied.  Potential exists for duckweed to serve as a biofuel.  
Ethanol production in the United States is fed predominately by corn stocks.  The 
utilization of corn for ethanol production could greatly impact corn availability for food or 
animal feeds (Sun and Cheng, 2002 and Xu et al. 2011).  Due to interruptions in feed/food 
supplies and potential negative environmental impacts of corn production, Xu et al. (2011) 
stated the need to explore new starch sources for biofuel production.  Cui and Cheng (2015) 
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recently published a literature review of research on duckweed as a source for biofuel 
production.  They stated that duckweed was advantageous for biofuel production due to 
nutrient uptake ability, biomass yield, and its suitability for production of ethanol, butanol, 
and biogas.  The plant has several characteristics that make them an excellent source for 
ethanol production.  Ge et al. (2012) suggested duckweed was superior to terrestrial plants 
used for ethanol production due to the concentration of starch and low cellulose content 
found in duckweed.  These compositional features make the conversion of duckweed 
biomass to ethanol efficient (Ge et al. 2012).  Cui and Cheng (2015) discussed research on 
methods to increase starch content of duckweeds.  Their paper indicated starch content 
could be improved by either increasing starch production through increasing illumination 
and carbon dioxide availability, or by reducing decomposition of starch through exposure 
to low temperatures or nutrient starvation.  They concluded by stating the need for further 
research to optimize biomass production and improve starch contents.   
Animal feed stocks come from a wide variety of plant materials.  The livestock 
industry in the United States relies heavily on the seeds of corn, soybeans, milo, wheat, 
oats, rye, barley, and cotton to create animal rations.  In addition to grains, many by-
products are used in this process including soybean hulls, corn gluten, brewers grains, 
citrus pulp, beet pulp, and brans (Fadel 1999).  Protein content of animal feeds is typically 
the most expensive portion of the feed ration.  Common sources of protein for animal feeds 
include fish meal, cotton seed meal, soybean meal, and oil seed meals. Utilization of fish 
meal has raised lots of concern, as the protein source is derived from wild caught fish stocks 




reason for seeking alternate protein sources.  El-Sayed (1999) presented a review of 
alternative protein sources for tilapia culture.  The paper indicated that duckweed had to 
potential to reduce or replace the use of conventional protein sources in tilapia feeds.  
Reddy and DeBusk (1985) suggested duckweeds were well suited for use in animal feeds 
due to rapid accumulation of biomass and high crude protein content.  Duckweeds contain 
up to 43% crude protein by dry weight (Yilmaz et al. 2004).  In addition to higher protein 
content, duckweeds have a wider array of essential amino acids than most plants and are 
similar to animals in the range of proteins present (Yilmaz et al. 2004 and Hillman and 
Culley 1978).  Based on this literature review, duckweeds definitely have potential as a 
feed source for livestock operations. 
Utilization of duckweed for wastewater treatment is likely the most studied aspect 
of duckweed.  Chaiprapat et al. (2005) reported that as the animal industry continues to 
progress to larger farms with higher concentrations of livestock a new means of capturing 
nutrients will be needed.  They suggested that duckweed would be a valuable tool for 
nutrient capture when waste water could not be applied to crop fields due to saturation of 
soils because of rains or when soil nutrient concentrations prevented addition of nutrients.  
Ge et al. (2012) reported duckweed biomass increased 600% over a 15-18 day growth cycle 
in swine lagoon wastewater.  Additionally, the study showed Lemna minor efficiently 
recovered nitrogen and phosphorous in the swine lagoon wastewater (100% of ammonia, 
75% of nitrate, and 74.8% of phosphate) after 18 days of culture.  Frederick et al. (2006) 
created models for growth rate, nitrogen removal, and phosphorous removal in eutrophic 
conditions.  Results of their study revealed a maximum growth rate of 88 g dry wt/m²/7 
10 
day grow out.  During their 7 day trials, nitrogen was removed at 3.98-5.80 % per gram of 
dry duckweed and phosphorous was removed at a 1.05-1.69 % per gram of dry duckweed.  
Mohendano et al. (2012) reported nutrient removal efficiencies of 99+ % for nitrogen and 
phosphorous by duckweed in swine wastes.  The efficiency of duckweed for nutrient 
removal may be a result of excessive uptake. Cheng et al. (2002) reported that duckweed 
had the ability to take up significant amounts of N and P from wastewater without 
increasing plant biomass, indicating storage of excessive nutrients. The indulgent nutrient 
uptake behavior of duckweed is key to their suitability as polisher of wastewaters.  
   Hillman and Dudley (1978) presented a model duckweed/dairy operation.  In their 
study, manure would pass through a fermentation unit where methane would be collected 
to supplement farm energy needs.  This process would reduce manure volume by 50%.  
Remaining manure would pass through a series of lagoons.  Duckweed would be cultured 
in the lagoons.  They proposed that duckweed could be utilized to remove nutrients from 
the wastewater lagoons.  Duckweed would then be harvested and feed back to the dairy 
cattle.  At the end of the process supplemental energy was collected, substantial feed 
volume was produced, and wastewater was cleansed.  Based on Hillman and Dudley’s 
model farm, duckweed has the potential to improve the efficiency and reduce the 
environmental footprint of modern livestock operations. 
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Study Objectives 
This multi-faceted research project was authorized and funded by Clemson 
Cooperative Extension Service.  In order to fulfill the stipulations provided in the 
authorization, this research project must provide useful information to the agricultural 
community/industry in South Carolina.  Additionally, the project must address natural 
resources issues and provide valuable information to natural resources managers working 
in the state.  Results of this study needed to be valuable to agronomic crop producers, truck 
crop producers, livestock producers, aquaculturists, and fisheries managers. 
The objectives of this study were as follows: 1) Evaluate the effectiveness of Blue 
Tilapia for controlling duckweed in irrigation waters, 2) Determine lethal temperature for 
SC stocks of Blue Tilapia, 3) Improve understanding of duckweed growth patterns and 
biomass production in irrigation waters, and 4) Assess the chemical composition of 
duckweed and evaluate nutrient accumulation within duckweed.  Results of this study are 
intended to improve efficiency, profitability, and sustainability of agriculture and 
aquaculture ventures in South Carolina.  Additionally, results of lethal temperature studies 
should provide South Carolina Department of Natural Resources with much needed 
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CHAPTER TWO 
Duckweed (Lemna minor) Consumption by Blue Tilapia (Oreochromis 
aureus) in Feeding Trials 
Abstract 
We evaluated the consumption of duckweed (Lemna minor, Linnaeus) by juvenile 
Blue Tilapia (Oreochromis aureus, Steindachner) through 48 hour indoor tank feeding 
trials.  Feeding trials consisted of 5 tanks (4 treatment, 1 control).  Tanks were stocked with 
25 g of fresh duckweed at the initiation of each feeding trial.  Designated treatment tanks 
were also stocked with 1 tilapia per tank.  At the end of each 48 hour feeding trial remaining 
duckweed was collected, hand pressed, towel dried, and weighed.  Feeding trials were 
replicated 5 times.  Duckweed biomass in control tanks remained constant throughout trials 
(α = 0.05: p = 1.000).  Biomass decreased in tanks stocked with tilapia (α = 0.05: p < 
0.0001).  Mean change in duckweed biomass for tanks stocked with tilapia was -8.15 g 
(SD = 1.69 g).  Observed feeding rates in this study indicate juvenile Blue Tilapia 
consumed approximately 36 – 86% of their body weight in duckweed every 24 hours (m = 
58%, SD = 12.19%).  
Introduction 
Aquatic plants frequently create problems for farming operations utilizing pond 
water for irrigation.  Free floating aquatic plants commonly clog irrigation pumps, 
plumbing, and emitters.  Disruption of normal water flow in irrigation systems can be time 
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consuming and expensive to repair.  When undetected, disrupted irrigation systems can 
flood crops, supply insufficient water to crops, and ultimately lead to crop failure.  Farmers 
utilizing pond water for irrigation need aquatic weed treatment options that prevent or 
reduce interruptions to their daily irrigation operations.  Time spent on herbicide 
applications and manual removal of aquatic weeds prevents farmers from preforming their 
normal farm duties.  Herbicide and manual removal techniques rarely provide long term 
results, and frequent applications are needed to maintain aquatic plant at low enough 
densities to support irrigation practices (Pieterese 1977).   
  Biological control of aquatic plants has been utilized throughout much of the U.S. 
(Sutton 1977, Sutton et al. 2012, Andres 1977, Andres and Bennett 1975, and Langeland 
1996).  Andres and Bennett (1975) reviewed use of herbivorous fish, insects, snails, 
crayfish, manatees (Trichechus manatus, Linnaeus), and plant pathogens for aquatic plant 
control.  Biological control of aquatic weeds using herbivorous fish may be a more efficient 
method for irrigation waters than herbicides or manual removal.  Sutton et al. (2012) 
suggested the advantages of using herbivorous fish to manage aquatic plants were long-
term control, “low long-term costs”, and potential for a harvestable fish.     
The aquatic plant species to be controlled is a major factor in determining which 
species of herbivorous fish to use for control.  Another factor to consider when selecting 
an herbivorous species to be used for biological control is local availability.  Whetstone 
and Watson (2004) reported that triploid grass carp (Ctenopharyngodon idella) and tilapia 
(Oreochromis and Tilapia spp.) were effective and easy to obtain in South Carolina.  
25 
Triploid grass carp are ineffective for duckweed in open water pond systems under normal 
stocking rates of 12 – 50 fish/ha (Lembi 2009, Lynch 2004, and Whetstone and Watson 
2004).  However, tilapia have been reported to consume duckweeds in various parts of the 
world (Leng et al. 1995, Fasakin et al. 1999, Hassan and Edwards 1992, Mbagwu et al. 
1990, and El-Sayed 1999).  Whetstone (2002) reported tilapia stockings (1000/ha) were 
able to control Wolffia spp., a member of the duckweed family, in 3 months when stocked 
in a South Carolina pond. 
The overall purpose of this research project was to find a biological control agent 
to efficiently control duckweed populations in irrigation ponds.  We decided to focus our 
study on Blue Tilapia, based on reported ineffectiveness of triploid grass carp for duckweed 
control in the literature (Lembi 2009, Lynch 2004, and Whetstone and Watson 2004). The 
specific objective of this study was to determine if Blue Tilapia would feed on duckweed 
and to quantify rate of duckweed consumption.  Results of this study are intended to 
supplement field studies in an effort to evaluate the potential of Blue Tilapia as a means of 
biological control of duckweed in agricultural impoundments used for irrigation. 
Study Area 
Trials were conducted at the Chester County Clemson Extension Office, located in 
Chester, SC.  The facility accommodates small scale aquaculture experimentation and 







Duckweed used in feeding trials (n = 5) was collected from a private pond in 
Chester County near the town of Lowrys, SC.  Duckweed was held in a 38 liter fish tank 
for the duration of the study.  Tilapia fingerlings used in this study (n=20) were purchased 
from Orangeburg Aquaculture in Neeses, SC.  Tilapia fingerlings were held in 38 liter fish 
tanks (n=2) prior to trials.  Health of tilapia was assessed through observation of physical 
condition and behavior prior to initiation of trials and throughout the duration of trials.  
Each tilapia fingerling was used only one time during the study.  Tap water was used for 
all trial and holding tanks.  Tap water was dechlorinated by aeration.  Water quality 
parameters including pH, alkalinity, and hardness were measured prior to the initiation of 
trials.  No adjustments were made to pH, alkalinity, or hardness. 
Feeding trials were conducted in 38 liter fish tanks (n=5).  Prior to the initiation of 
trials one tank was randomly assigned to be a control.  The remaining 4 tanks were assigned 
to treatment.  Fish were randomly assigned to 1 of 4 treatment tanks at the start of each 
trial.  Prior to stocking in their respective tank, fish were weighed and measured.  Once 
stocked in study tanks, fish were not fed for 48 hours.  At the end of the 48 hour purge, 25 
grams of duckweed was stocked into each of the study tanks (n = 5).  Prior to stocking in 
study tanks, duckweed was hand pressed and towel dried to obtain a wet mass (Missouri 
Botanical Garden 2003).  Feeding trial duration was 48 hours following the stocking of 
duckweed.  At the end of each 48 hour feeding trial, remaining duckweed was collected, 
hand pressed, towel dried, and weighed.  Remaining duckweed weight was recorded.  Fish 
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were weighed (g) with a digital scale and length measured to the nearest mm at the end of 
each trial.  Feeding trials were replicated 5 times.  Figure 2.1 depicts the study design. 
Analysis 
Measurements collected during this study were analyzed using JMP 11 Statistical 
Software (SAS Institute, Inc., ©2013).  Normally distributed, homogeneous data were 
analyzed by one-way analysis of variance (ANOVA).  Pairwise comparisons were used to 
identify differences among test replications. 
Results 
Water quality parameters were measured at the beginning of the study.  Parameter 
measurements were as follows: pH (7.6), alkalinity (56 mg CaCO3/L), and hardness (72 
mg CaCO3/L.  Water temperature was measured at the same time each day for each tank 
(n = 5).  Water temperatures were analyzed to ensure consistency throughout the study.  
Mean water temperature was 25.33° C (SD = 0.45° C).  Water temperatures did not differ 
throughout the feeding trials (n = 5) (α = 0.05: p = 1.0000).   
Fish length and weights were measured and analyzed to ensure the test subjects (n 
= 20) were homogeneous.  Tilapia fingerling lengths did not differ (α = 0.05: p = 0.6184).  
Mean fish length was 75.65 mm (SD = 4.92 mm).  Fish weights did not differ (α = 0.05: p 
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= 0.7910).  Mean fish weight was 6.95 g (SD = 1.54 g).  Physical measurements of tilapia 
fingerlings were recorded (Table 2.1).   
Change in duckweed weight was measured at the end of each trial.  Duckweed 
weight decreased during the 48 hour trials in treatment tanks (α = 0.05: p < 0.0001).    A 
measurable decrease in duckweed weight was observed in each tank stocked with tilapia 
(n =4) during each trial (n = 5).  Mean duckweed weight change in treatment tanks was -
8.15 g (SD = 1.69 g).  Duckweed weight decreased 5 – 12 g/48 hours in tanks stocked with 
tilapia.  One way analysis of variance (ANOVA) for tanks stocked with tilapia (n = 4) 
indicated there was no difference between the 5 trial replications in respect to observed 
duckweed weight change (α = 0.05: p = 0.6071).  Observed weight change in duckweed 
was different between treatment and control tanks for each replication (α = 0.05: p < 
0.0001).  No decreases in duckweed weight were observed in control tanks.  Duckweed 
weight in control tanks remained constant at 25 g in all but one trial, in which a 1 g increase 
in duckweed weight was observed.  Mean duckweed weight change for the control tanks 
was 0.2 g (SD = 0.45 g).  Results of feeding trials can be seen in Figure 2.2. 
Discussion 
Results of the tank feeding trials indicate that Blue Tilapia will consume fresh 
duckweed.  During this series of trials, mean duckweed consumption was 8.15 g per fish 
during the 48 hour trials.  Mean fish weight was 6.95 g at the initiation of trials.  Based on 
mean fish weight and mean change in duckweed weight, tilapia fingerlings were 
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consuming approximately 58% of their body weight in duckweed every 24 hours.  The 
highest recorded duckweed consumption was 12 g in 48 hours.  This equates to a maximum 
observed duckweed consumption of 86% of body weight per 24 hours.  Minimum observed 
consumption was 5 g in 48 hours (36% of body weight per 24 hours).   
Duckweed growth rates in fish ponds are between 3.14 – 3.54 g dry weight/m2/day 
(Rejmankova 1975). Landolt and Kandler (1987) reported duckweeds are between 86 - 
97% water.  This translates to approximately 22 – 118 g fresh weight/m2/day or 220 – 1180 
kg/ha/day.  Diana et al. (1991) suggested carrying capacity for tilapia in ponds was between 
2,000 – 3,000 kg/ha.  In our study, we observed mean duckweed consumption of 58% of 
tilapia body weight per day.  Based on the information above, tilapia stocked at pond 
carrying capacity would be expected to consume 1160 – 1760 kg/ha/day.  Consumption 
rates observed in tank trials suggest that tilapia have the potential to serve as a biological 
control agent for duckweed.   
Tank trials did not address the consumption of duckweed in the presence of 
additional food resources.  Consumption rates of duckweed may differ in pond stockings 
due to the availability of additional or alternative food resources.  Schwartz and Maughan 
(1984) reported feeding preference for Blue Tilapia for 5 aquatic plants. Results of their 
study indicate tilapia consumed 64% of stocked preferred plant species mass, while 
refusing to eat less desirable plant species stocked in the same tank. Additional research is 




should focus on determining appropriate stocking rates and identifying environmental 
conditions that influence effectiveness of control. 
 
Summary 
Duckweed mass decreased in tanks stocked with a tilapia throughout this study.  
Duckweed consumption ranged from 5 – 12 g/48 hours.  Mean duckweed consumption 
was 8.15 g/48 hours.  Blue Tilapia fingerlings consumed up to 86% of their body weight 
in duckweed each day.  Observed consumption rates indicate tilapia stocked at pond 
carrying capacity (2,000 - 3,000 kg/ha) have the potential to control duckweed in ponds.  
Additional research is needed to determine the actual effectiveness of Blue Tilapia as a 















Tables and Figures 
Table 2.1: Physical measurements of Blue Tilapia juveniles (n = 20) collected prior to the 
initiation of feeding trials.  Fish lengths are reported in total length.  Analysis of variance 
indicated tilapia utilized in feeding trials were of similar weights and lengths. 
Mean Fish Length (mm) Standard Deviation (mm) Range of Fish Lengths (mm) 
ANOVA 
(Prob > F) 
75.65 4.92 66 - 88 0.6184 
Mean Fish Weight (g) Standard Deviation (g) Range of Fish Weights (g) 
ANOVA 
(Prob > F) 
6.95 1.54 4 -9 0.7910 
32 
Figure 2.1: Layout of study design for tilapia feeding trials to determine feeding rates of 
juvenile Blue Tilapia (Oreochromis aureus) on duckweed (Lemna minor).  Trials consisted 
of 4 treatment tanks and 1 control tank.  Each tank (n = 5) received 25 g of duckweed at 
initiation of trial.  Treatment tanks (n = 4) were stocked with 1 juvenile tilapia.  Feeding 
trials lasted 48 hours, and were replicated 5 times. Fish were not fed for 48 hours prior to 
initiation of each trial run. 
Experimental   
Tank 1      
Treatment     
Feeding Trial   
25 g Duckweed 
1 Tilapia 
Experimental   
Tank 2      
Treatment     
Feeding Trial   
25 g Duckweed 
1 Tilapia 
Experimental   
Tank 3      
Control      
Feeding Trial   
25 g Duckweed 
0 Tilapia 
Experimental   
Tank 4      
Treatment     
Feeding Trial   
25 g Duckweed 
1 Tilapia 
Experimental   
Tank 5      
Treatment     
Feeding Trial   
25 g Duckweed 
1 Tilapia 
Tilapia Holding 
Tank A      
(n = 10)      
Tilapia Holding 
Tank B      
(n = 10)      
Duckweed 
Holding Tank 
Feeding trials were replicated 5 times; 
trial duration was 48 hours per trial. 
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Figure 2.2:  Observed change in duckweed biomass in feeding trials using juvenile Blue 
Tilapia (Oreochromis aureus).  Trials (n = 5) consisted of 5 tanks (4 treatment, 1 control) 
in which 25 g of fresh duckweed was stocked into each tank.  Treatment tanks were stocked 
with 1 tilapia per tank.  A decrease in duckweed biomass was observed in treatment tanks 
(α = 0.05: p < 0.0001).  Mean duckweed weight change in treatment tanks was -8.15 g (SD 
= 1.69 g). Duckweed biomass remained constant in control tanks (α = 0.05, p = 1.000) 
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CHAPTER THREE
Evaluation of Duckweed (Lemna minor) Density and Success of Blue 
Tilapia (Oreochromis aureus) Stockings for Biological Control of Aquatic 
Plants in South Carolina’s Private Waters 
Abstract 
We evaluated the impact of high duckweed (Lemna minor, Linnaeus) densities at 
time of stocking on survival and success of Blue Tilapia (Oreochromis aureus, 
Steindachner) for biological control of aquatic plants in the piedmont and coastal plain of 
South Carolina. This study utilized agriculture ponds (n = 6) with a history of irrigation 
use and existing duckweed populations.  Ponds were assigned to either treatment (n = 3) 
or control (n = 3).  Juvenile Blue Tilapia were stocked at a rate of 1,500 fish/ha in the spring 
of 2012 and 2013 in treatment ponds.  Vegetation data consisting of percent surface 
coverage and wet biomass were collected bi-weekly throughout the growing season in each 
pond.  Duckweed biomass at time of stocking was estimated to be 19,310 kg/ha.  Dissolved 
oxygen levels were diminished (< 0.5 ppm) as a result of observed duckweed density, and 
tilapia did not survive in study ponds.  Pond managers should only consider using tilapia 
as a means of duckweed control when existing duckweed populations are at densities that 
do not impair dissolved oxygen concentrations.  Managers should consider other duckweed 
control methods in high duckweed population densities. 
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Introduction 
The southeastern landscape is dotted with farm ponds.  Ponds were constructed for 
numerous reasons, but two of their primary uses are irrigation and water sources for 
livestock.  Agricultural practices tend to supply ponds with heavy nutrient loads, and as a 
result aquatic weeds respond vigorously to nutrients entering the ponds.  Aquatic weeds 
commonly become problematic for daily farming operations.  Dense growths can clog 
irrigation pumps, present health hazards for livestock, negatively impact aesthetics of the 
landscape, and negatively impact fish and wildlife species.  Farmers face several issues 
when attempting to manage aquatic weed problems in their ponds.  The prolific growth, 
reproduction, and biomass production of many aquatic species prevent or limit the 
effectiveness of manual removal techniques.  Biological control utilizing triploid grass carp 
also has its limitations, as there are several common problematic aquatic weeds that carp 
do not control (Lembi 2009, Lynch 2004, and Whetstone and Watson 2004).  Farmers often 
rely on aquatic herbicide and algaecide applications to alleviate their aquatic weed 
problems.  However, many of the labeled aquatic herbicides have water use restrictions (up 
to 90 days) following an application that prevent their use.  Farmers using pond water for 
irrigation and livestock watering need a control method for aquatic weeds that does not 
affect their daily operations, does not prevent them from growing organic crops, and a 
method that is cost efficient.  
Duckweeds are among the most common and problematic aquatic weeds found in 
southern irrigation and livestock watering ponds.  Duckweed populations in agricultural 
impoundments exhibit prolific plant growth, difficult manual removal, limited herbicidal 
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options, and long water use restrictions following herbicide applications (Lynch 2004, 
Pieterese 1977, Whetstone and Heaton 2013).  Dense duckweed populations commonly 
clog irrigation pumps, negatively impact aesthetics of the landscape, and frequently lead 
to hypoxia related fish kills (Lynch 2004).  Farmers need a management practice for 
duckweed that is cost efficient and accommodates their water use plan. Previous research 
has shown that tilapia will consume duckweed (Lemna spp.), watermeal (Wolffia spp.), 
numerous species of planktonic, filamentous, and branched algae, and several other 
common aquatic weeds (Gaigher et al. 1984, Moreau et al. 1986, Schwartz and Maughan 
1984, Schwartz et al. 1986, and Whetstone 2002).  Results of research and demonstrations 
conducted by Whetstone (2002) and Schwartz et al. (1986) indicate Blue Tilapia 
(Oreochromis aureus) can be effective at controlling certain aquatic weeds in pond 
settings.  
Agricultural operations frequently overlook aquatic weeds until plant densities 
reach levels that interfere with daily farming operations.  The overall objective of this study 
was to assess the impact of high density duckweed populations on survival and success of 
Blue Tilapia stockings for biological control of aquatic weed control in agricultural 
impoundments.  In order to achieve the overall objective, specific objectives were to: 1) 
determine survival of tilapia stocked in agricultural impoundments with high density 
duckweed populations and 2) measure duckweed consumption if any by Blue Tilapia 
stocked in agriculture impoundments with high density duckweed populations.  
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Study Area 
This study was conducted in the piedmont and coastal plain of South Carolina.  
Study ponds (n = 2) and canals (n = 2) in the coastal plain were located at Clemson 
University’s Edisto Research and Education Center (Edisto REC).  Edisto REC is located 
just outside of the town of Blackville in Barnwell County.  The piedmont study ponds (n = 
2) were located near the town of McConnells in York County.  The piedmont study sites
were on a privately owned working farm.  Ponds selected for this study were located in 
agriculture settings, and had a history of irrigation use.  Additionally, ponds had existing 
extensive duckweed populations.  Ponds ranged in size from 0.1 - 0.2 ha.   
Study Design 
Study ponds at both locations were randomly assigned to either control (n = 3) or 
treatment (stocked, n = 3).  Blue Tilapia fingerlings were acquired from Orangeburg 
Aquaculture in Neeses, SC.  Tilapia were stocked in treatment ponds (n = 3) on May 13, 
2012 and April 25, 2013.  Fish were stocked at a rate of 1,500 fish per hectare.  Tilapia 
fingerlings were weighed prior to stocking.  Weight measurements were collected by 
weighing groups of 10 fish.  Fish were placed in a fine mesh bag and weighed with a digital 
hanging scale.  Fish survival throughout the study was to be assessed bi-weekly through 
seining and electro-sampling (LR-24 Backpack Electrofisher, Smith-Root, Inc., 
Vancouver, WA) efforts.    
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Prior to tilapia stocking, duckweed biomass was measured for each study pond (n 
= 6). Following stocking, aquatic vegetation was sampled bi-weekly from May-October of 
2012 and 2013.  Vegetation measurements were collected at random locations along a 
transect within each study pond.  Vegetation was measured inside a 1 meter square frame.  
The number of locations along the transect in which vegetation measurements were 
collected was determined by pond size.  0.5% of each pond was sampled (5 – 10 m²) during 
each sampling visit.  Data collected within the frame included: total percentage of water 
surface covered by vegetation, species composition and respective surface coverage 
percentage for species present, and wet mass of all vegetation within the frame.  Percentage 
of vegetation covering the water surface within the frame was estimated visually.  
Vegetation within the frame was collected using a fine mesh net.  Water was pressed from 
the sample by hand.  Vegetation was then transferred to a fine mesh bag.  When all 
vegetation within the frame had been transferred to the mesh bag, the bag was hand pressed 
again to remove excess water.  Vegetation in the mesh bag was then weighed using a digital 
scale to obtain a wet biomass measurement.  Vegetation was returned to the study pond 
immediately after being weighed.  Figure 3.1 depicts the study design.  
Analysis 
Measurements collected during this study were analyzed using JMP 11 statistical 
software (SAS Institute, Inc., ©2013).  Normally distributed, homogeneous data were 
analyzed by one-way analysis of variance (ANOVA). 
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Results 
Fish were weighed in groups of 10 at the time of stocking each year.  Fish weights 
differed between years (α = 0.05: p < 0.0001).  Mean fish weight in 2012 was 41.59 g/fish 
(SD = 5.08 g).  Mean fish weight in 2013 was 31.00 g/fish (SD = 3.13 g).   
Vegetation analysis at time of stocking indicated duckweed surface coverage was 
similar between piedmont and coastal plain study sites (α = 0.05: p = 0.8791).  Duckweed 
vegetation measurements from Pond 2 in the piedmont region were excluded from the data, 
as an herbicide application was made to the pond.  Additionally, data from Canal A and 
Canal B at Edisto REC were excluded from the analysis as storm, beaver, and alligator 
activities compromised the integrity of dividers between the canals.  Mean duckweed 
coverage for both study sites was 78.82% at time of stocking.  Duckweed coverage 
estimates ranged from 5-100%. Duckweed biomass differed between study sites (α = 0.05: 
p = 0.0102).  Duckweed biomass ranged from 0.04 – 4.01 kg/m².  Mean biomass at Edisto 
REC was 2.47 kg/m² (SD = 1.57 kg/m²).  Mean biomass at the piedmont site was 1.33 
kg/m² (SD=0.88 kg/m²).  Duckweed surface coverage (α = 0.05: p = 0.1510) and biomass 
(α = 0.05: p = 0.8843) did not differ between study years.   
Tilapia experienced 100% mortality following stocking during both years of the 
study.  Tilapia fingerlings could not be detected by seining or electro-sampling 2 weeks 
post stocking.  Dissolved oxygen measurements at Edisto REC were less than 0.5 ppm at 
time of fish sampling efforts.  It is believed that tilapia fingerlings expired shortly after 
stocking due to low dissolved oxygen levels.  Vegetation sampling continued on schedule 
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both years of the study.  Results of vegetation sampling can be seen in Chapter 5 – 
“Biomass measurements of Duckweed (Lemna minor) in South Carolina agricultural 
impoundments”. 
Discussion 
Duckweed density at time of stocking had a significant impact on tilapia survival 
and success for controlling duckweed.  In this study duckweed populations covered up to 
100% of pond surface area on dates of tilapia stockings.  Mean duckweed biomass at time 
of stocking was estimated to be 19,310 kg/ha.  Duckweed densities at these levels could 
have significantly impacted the diffusion of atmospheric oxygen into pond waters.  
Additionally, respiration of duckweed or algae would be anticipated to remove significant 
amounts of dissolved oxygen from respective waters.  Temperature and dissolved oxygen 
(D.O.) levels of study ponds were measured mid-morning 2 weeks post stocking.  Observed 
temperatures ranged from 21 - 22° C.  D.O. measurements indicated levels below 0.5 ppm 
at the Edisto REC site.  Tilapia likely perished shortly after stocking due to anoxic water 
conditions.   
Studies conducted by Whetstone (2002) and Schwartz et al. (1986) demonstrated 
control of aquatic plants by tilapia in ponds.  Their studies were not conducted in waters 
with 100% vegetation coverage.   Dissolved oxygen conditions in their studies were 
obviously sufficient to support tilapia survival.  When selecting a method of control for 
duckweed in irrigation waters plant density is an important factor.  Tilapia success can be 
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greatly diminished when plant densities prevent fish survival.   Additional research focused 
on the relationship of duckweed population density and D.O. concentrations is needed.  
Development of duckweed density levels acceptable for tilapia stocking would be 
beneficial to those faced with selection of appropriate control methods for their 
impoundments. 
Summary 
Effectiveness of tilapia as a biological control agent for duckweed can be 
significantly reduced when duckweed population densities produce anoxic conditions.  
Duckweed densities of approximately 19,310 kg/ha at time of stocking prevented tilapia 
survival and potential control of duckweed.  Tilapia should only be considered as a control 
mechanism when plant densities do not impair dissolved oxygen levels.  Future research 
should investigate the relationship of duckweed density and dissolved oxygen 
concentrations.   
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Tables and Figures 
Figure 3.1: Layout of experimental design for testing effectiveness of Blue Tilapia 
(Oreochromis aureus) as a biological control agent for duckweed (Lemna minor) in 
agricultural impoundments. Juvenile Blue Tilapia were stocked at the rate of 1,500 fish per 
hectare in the spring of 2012 and 2013 in treatment ponds (n = 3).  Control ponds (n = 3) 
were not stocked with tilapia.  Vegetation measurements of estimated duckweed surface 
coverage and duckweed wet biomass were collected bi-weekly during the growing season 
within each study pond (n = 6).  This study was conducted in the piedmont and coastal 
plain of South Carolina. 
Geographic Region Location Pond ID Treatment 
Coastal Plain Edisto REC EdREC Pond A 1,500 fish/ha 
Coastal Plain Edisto REC EdREC Pond B Control 
Coastal Plain Edisto REC EdREC Canal A Control 
Coastal Plain Edisto REC EdREC Canal B 1,500 fish/ha 
Piedmont York Pond 1 1,500fish/ha 
Piedmont York Pond 2 Control 
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CHAPTER FOUR
Cold Tolerance of Blue Tilapia (Oreochromis aureus) Stocks in 
South Carolina 
Abstract 
We evaluated the cold tolerance of Blue Tilapia (Oreochromis aureus, 
Steindachner) stocks currently cultured in South Carolina.  The lowest recorded lethal 
temperature in this study was 6° C.  Trials indicated the lethal temperature for 50% of the 
population was approximately 8.8° C.  Analysis of lethal temperature in relation to fish 
length indicated cold tolerance was greater among larger fingerlings (α = 0.5: p = 
0.0034).  Fingerlings (n = 11) in the 50 – 54 mm size class exhibited mean lethal 
temperatures 2.19° C lower than fingerlings (n = 8) in the 38 – 44 mm size class (α = 0.5: 
p = 0.0050).  Mean coastal water temperatures (8.9 - 20.6° C) in coastal South Carolina 
during the winter of 2014 – 2015 indicate there is potential for naturalization of Blue 
Tilapia.  Pond managers and government agencies are encouraged to thoroughly evaluate 
the potential risk for tilapia escapes when deciding on use of Blue Tilapia in their coastal 
impoundments, as the potential for naturalization is real. 
Introduction 
Overwintering Blue Tilapia in South Carolina pose potential risks to the aquatic 
environment through alteration of nesting habitats, food resources, and aquatic plant 
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communities (Knight and Devi, 2009, Schwartz et al., 1986).  Blue Tilapia (Oreochromis 
aureus) are members of the Cichlidae family (ISSG 2006).  Their native range extends 
through the Middle East and Northern Africa (ISSG 2006).  The species has become a 
commonly cultured species throughout much of the world.  Oreochromis spp. account for 
all commercially produced tilapia outside of their native range (Popma and Masser 1999).  
Blue Tilapia exhibit the greatest cold tolerance of commercially important tilapia species 
(Armas-Rosales 2006).  Production of tilapia in cooler climates outside their tropical native 
range has proven to be challenging under winter conditions (Lutz 1998).  Blue Tilapia have 
been extensively used in the development of commercial strains of tilapia in the U.S. 
(Watanabe et al. 2002).  Investigations of the improvement of cold tolerance in commercial 
crosses when Blue Tilapia genetics have been added indicate that cold tolerance can be 
passed to offspring (Paz 2004, Kamel et al. 2008, and Cnaani et al. 2000).  Cnaani et al. 
(2000) concluded that after several generations of cross breeding Blue Tilapia with other 
species of tilapia the cold tolerance allele(s) of Blue Tilapia were dominant. 
Lower lethal temperatures for tilapia have been the focus of numerous studies 
(Cnaani et al. 2000, Zale and Gregory 1989, McBay 1961, Kamel et al. 2008, Starling et 
al. 1995, Armas-Rosales 2006, and Paz 2004).  The objective of these studies was to 
improve cold tolerance for commercial tilapia production, and results indicate considerable 
variability of cold tolerance exists within stocks of Blue Tilapia.  Armas-Rosales (2006) 
compiled cold tolerance data from several studies, and reported lethal temperatures for 
Blue Tilapia ranged from 3˚-13˚ C.  Cnaani et al. (2000) attributed the variation of lower 
lethal temperatures to environmental and genetic effects; however, they also indicated that 
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genetic control of cold tolerance was poorly understood.  Zale and Gregory (1989) stated 
that improved resistance to cold would expand the potential range of Blue Tilapia.  Based 
on the results and conclusions of prior cold tolerance studies, cold tolerance of specific 
stocks of Blue Tilapia need to be evaluated on a state or population basis. 
Risk of naturalization of tilapia in the Southern U.S. is a serious threat (Hale et al. 
1995, Nico et al. 2013).  Naturalized populations of tilapia are currently estimated to exist 
in 10 U.S. states (Nico et al. 2013).  In the state of Florida numerous non-native species 
introductions have been documented (Shafland 1979).  Florida Fish and Wildlife 
Conservation Commission reported over 500 non-native fish and wildlife species can 
currently be found in the state.  The Commission reports that 41 non-native freshwater fish 
species currently reside within Florida waters, and 14 other non-native fish species have 
been eliminated.  The Blue Tilapia is the most widely distributed non-native fish species 
found in Florida (Nico et al. 2013, Hale et al. 1995). Established tilapia populations in the 
U.S. compete with native species for nesting habitat, food resources, and can alter the 
aquatic plant communities in areas where they occur (Nico et al. 2013).  Due to the 
ecological risks associated with introductions of Blue Tilapia, Senanan and Bart (2008) 
recommended “the “Precautionary Principle” should be adopted while promoting tilapia 
farming in areas where resident tilapia populations do not already exist”. 
State game and fish agencies across the Southern U.S. have taken variable 
approaches to reduce the potential of tilapia introductions (Popma and Masser 1999).  
Some states have restricted the use of Blue Tilapia due to the potential for naturalization.  
South Carolina currently has no restriction on the use of tilapia, except that one must obtain 
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a “Possession of Non-Indigenous Fish Species” permit to possess (SCDNR 2015).  
Research has shown that variation of lethal temperature exists among Blue Tilapia stocks 
in the U.S. (Cnaani et al. 2000, Zale and Gregory 1989, McBay 1961, Kamel et al. 2008, 
Starling et al. 1995, Armas-Rosales 2006, and Paz 2004).  It is imperative that we address 
the cold tolerance of stocks of Blue Tilapia in South Carolina.  Blue Tilapia are frequently 
stocked into private waters in the state for aquatic weed control and fisheries improvement.  
In many situations tilapia are stocked into impoundments that are directly connected to 
waters of the state.  Blue Tilapia have been observed to over winter in impoundments 
within the state.  The purpose of this study was to analyze cold tolerance of Blue Tilapia 
to improve our ability to assess the risk potential of naturalization in South Carolina. 
The overall objective of this study was to investigate the cold tolerance of Blue 
Tilapia stocks in South Carolina.  To achieve this overall objective, the specific objectives 
were to: 1) measure lethal responses of Blue Tilapia (Oreochromis aureus: obtained from 
Orangeburg Aquaculture) to decreasing water temperatures (range 20 to 2°C) in mesocosm 
scale experiments, 2) estimate median lethal effects of temperature (LT50s) using logistic 
and Kaplan-Meier regression analysis, 3) measure the relationship of fish length and lethal 




This study was conducted at Clemson University’s Aquatic Animal Research 
Laboratory (AARL).  AARL is located in the Poole and Agriculture building on the 
university campus.  The AARL supports life science research and teaching programs 
utilizing fish and other aquatic species. AARL is managed by the Department of Biological 
Sciences.  The facility is well equipped for aquaculture experiments and supports 
mesocosm scale fisheries research.  This study was conducted in Room No. 1, under 
Animal Use Protocol No. 2014-087. 
Study Design 
Trials were conducted in “Living Stream” (Frigid Units, Inc., Toledo, Ohio) 720 
liter flow-through aquaculture tanks.  Water temperatures were regulated using 
thermostatically controlled chilling units (Frigid Units, Inc.) designed specifically for use 
with “Living Stream” aquaculture tanks.  Tanks (n=2) were assigned to either control or 
temperature reduction treatments prior to initiation of trials.  Each tank was divided into 3 
sections using screen dividers supplied by Frigid Units, Inc.  Tank sections were used for 
pseudo-replicates (3 treatment, 2 control).  Water temperatures were monitored with 
Coralife digital thermometers (Coralife, 5401 W. Oakwood Park Drive, Franklin, WI 
53132).   
Blue Tilapia fingerlings (38-54mm total length) (n=50) were obtained from 
Orangeburg Aquaculture in spring 2015 and transported to the AARL in aerated transport 
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tanks.  Upon arrival, tilapia were observed to assess general health of fish.  Following 
health assessment, fish were randomly assigned to either treatment or control tanks.  Fish 
were then randomly assigned to a section within the corresponding tanks.  30 tilapia 
fingerlings were placed in the temperature reduction treatment tank (10 per section, 3 
sections).  20 fish were placed in the control tank (10 per section, 2 sections).  Cold 
tolerance trials were conducted one time with 3 pseudo-replications running 
simultaneously.  Study design can be seen in Figure 4.1. 
Water temperature was adjusted to 20°C prior to the initiation of trials.  Water 
temperature was held at 20°C for 24 hours to allow for acclimation of fish.  The control 
tank was held at 20°C for the duration of the study.  In the treatment tank, temperature was 
reduced by 2°C every 24 hours.  Temperature decreases continued until 100% mortality 
was observed.  Mortality checks were administered prior to each temperature reduction 
period.  Mortality was defined as loss of equilibrium or lack of opercular movement.  
Mortalities were removed from tanks daily.  Mortalities were recorded along with 
corresponding water temperature.  Fish total length (TL) was recorded to the closest mm.  
Water quality parameters (i.e. pH, alkalinity, hardness, dissolved oxygen, and 
conductivity) were recorded daily.  In situ dissolved oxygen, pH, and conductivity of water 
were measured using a YSI® Model 52 dissolved oxygen meter, Orion® Model 250A pH 
meter and Triode® electrode, and Orion® Model 142 conductivity meter, respectively 
(Table 3.1).  Alkalinity and hardness of aqueous samples were determined according to 
Standard Methods for the Examination of Water and Waste Water (APHA, AWWA, and 
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WEF 2005).  Cold tolerance trials were conducted one time with 3 pseudo-replications 
running simultaneously. 
Analysis 
Measurements collected during this study were analyzed using JMP 11 statistical 
software (SAS Institute, Inc., ©2013).   Normally distributed, homogeneous data were 
analyzed by one-way analysis of variance (ANOVA).  Point estimates for mean lethal 
temperature were determined by parametric survival estimations and compared to Kaplan-
Meier (1958) survivorship curve.  The JMP Fit Model analysis was used to assess the 
correlation between fish length and lethal temperature. 
Results 
Cold tolerance trials were conducted using Blue Tilapia fingerlings (n=50) obtained 
from Orangeburg Aquaculture.  Fingerling total length ranged from 38-54 mm.  Mean 
fingerling length was 46.6 mm (SD = 4.32 mm).  There was no difference in fish length 
between pseudo-replicates (α = 0.5: p = 0.6237).  Trials began after fish had been 
acclimated for 24 hours at 20° C.  Temperatures were reduced by 2° C every 24 h.  The 
first mortalities (n = 3) were observed at 12° C.  Seven fingerlings expired at 10° C.  The 
greatest loss occurred at 8° C (n = 18).  100% mortality was experienced at 6° C (n = 2).  
Mortality temperatures differed among pseudo-replicates (n = 3) (α = 0.5: p = 0.0162).  
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Means for fish mortality in pseudo-replicates were 8.4° C, 8.0° C, and 9.8° C, respectively.  
No mortalities were experienced in the control groups (n = 2).  Distribution of fingerling 
mortality in relation to water temperature can be seen in Figure 4.2. 
Fish length was analyzed in response to mortality temperatures in order to 
determine if a relationship existed between total length and cold tolerance.  A weak 
negative correlation existed between lethal temperature and increasing fish total length (r2 
= 0.2679).  The relationship of lethal temperatures and fish lengths can be seen in Figure 
4.3.  The relationship of fish length and lethal temperature was further analyzed by creating 
3 fish length groups.  Groups were defined as follows: A = 38 - 44 mm (n = 8), B = 45 - 
49 mm (n = 11), and C = 50 - 54 mm (n = 11).  Mean lethal temperature for the groups 
were A = 10° C (SD = 1.51), B = 8.73° C (SD = 1.35), and C = 7.82 (SD = 1.08).  Analysis 
of variance indicated that lethal temperatures were different among groups (α = 0.05: p = 
0.0050). 
Survivorship curves were developed using parametric survival and Kaplan-Meier 
(1958) survival functions.  Point estimates were compared between the two methods, for 
both temperature and time.  LT₅₀ was approximately 8.8° C (8.2, 9.4; LCL, UCL).  Point 
estimates for time of exposure were TL₅₀ = 137.1 h (131, 142.5; LCL, UCL).  Time of 
exposure was calculated using duration (minutes) corresponding with temperature 
decrease, beginning at the initiation of temperature reduction.  Survivorship curves can be 
seen in Figures 3.4 and 3.5.  Water quality parameters were measured daily during trials.  
No significant differences were observed within any parameter (α = 0.5: p > 0.05).  Mean 
water quality parameters were as follows: pH = 8.02 (± 0.06), D.O. = 7.8 (± 0.2) mg/L, 
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Alkalinity = 76.4 (± 1.2) mg CaCO3/L, Hardness = 90.5 (± 1.4) mg CaCO3/L, and 
Conductivity = 258.4 (± 3.1) μS/cm (Table 4.1).   
Discussion 
Response of Blue Tilapia fingerlings to temperature reduction indicated no 
mortality at temperatures above 12° C.  In this study minimal mortalities (n=10) were 
observed at temperatures at or above 10° C.  Three mortalities (1%) were experienced 
during the 12° C period.  An additional 7 mortalities (23.3%) were recorded during the 10° 
C period.  The combination of mortalities during 12 - 10° C periods accounted for 10 
mortalities (33.3%).  Minimal population losses above 10° C is in agreement with the 
findings of Paz (2004) and Starling et al. (1995), both of which reported significant 
mortality began at 9.5° C.  Likewise, in our study significant mortality (n = 18, 60%) was 
observed during the 8° C period and complete mortality was observed during the 6° C 
period (n = 2, 6.7%).  Lethal temperatures in this study were in accordance with the range 
of lethal temperatures reported in the literature (Armas-Rosales 2006, Kamel et al. 2008, 
Paz 2004, Starling et al. 1995, Wilson et al. 2009, Zale and Gregory 1989). 
Evaluation of the relationship between fish length and lethal temperature indicated 
a weak correlation existed (r2 = 0.2679). It should be noted that total lengths among fish in 
this study ranged from 38 – 54 mm.  Lethal temperature decreased as fish length increased. 
This relationship is in contrast to the findings of Cnaani et al. (2000) and Behrends et al. 
(1990), who reported there was no relationship between fish size and lethal temperature.  
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The ability of larger fingerlings to tolerate lower temperatures could be important to 
aquaculturists attempting to over winter tilapia fingerlings in South Carolina.  Additionally, 
this ability could be important in predicting the potential of tilapia escapes to naturalize in 
South Carolina waters. 
Mean winter coastal water temperatures for 2014 – 2015 were obtained from the 
National Oceanographic and Atmospheric Administration (NOAA).  Reported mean 
temperatures for Wilmington, NC, Myrtle Beach, SC, Charleston, SC, and Savannah, GA 
were compiled in Table 4.3.  Mean water temperatures from these 4 locations during the 
fall and winter of 2014 -2015 suggest that based on water temperatures, Blue Tilapia could 
have overwintered in coastal areas of South Carolina.  Reported mean coastal water 
temperature only approached the Blue Tilapia LT50 (8.8° C) found in this study at Myrtle 
Beach during January 2015 (8.9° C).  This was the only site and only month where mean 
coastal water temperatures dropped into the single digits.  Based on the observed tilapia 
mortalities in this study, in context of coastal water temperatures, it is possible that tilapia 
overwintered along the SC coast during the 2014 - 2015 winter.  This assumption was 
verified in Charleston, SC in May of 2015 (W. C. Heaton, Clemson Cooperative Extension 
Service).  Blue Tilapia and Blue Tilapia crosses overwintered in numerous impoundments 
on Kiawah Island in Charleston County.  These fish survived in both fresh and brackish 
water impoundments.  Based on results from this study, it is clear that naturalized 
populations would likely suffer from unusually cold winters (water temperatures 




The analysis of cold tolerance among Blue Tilapia stocks in SC indicated complete 
mortality at a temperature of 6° C.  The estimated lethal temperature for 50% (LT50) of the 
population was 8.8° C.  These results are in accordance with other Blue Tilapia cold 
tolerance studies conducted in the southern U.S. (Armas-Rosales 2006, El-Gamal 1987, 
Paz 2004, Starling et al. 1995, and Zale and Gregory 1989).  Additionally, weak 
correlations were observed between tilapia fingerling length and lethal temperature, with 
longer fingerlings exhibiting greater cold tolerance.  The results of this study indicate the 
potential for Blue Tilapia to naturalize in South Carolina’s coastal waters is real.  Further 
research is needed to identify other regions of the state in which the threat for naturalization 
exists.   
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Tables and Figures 
Table 4.1:  Water quality measurements from Blue Tilapia cold tolerance trials.  Parameter 
measurements were recorded daily within each section (n = 3) of each tank (n = 2).   
Water Quality Parameters 
Parameter Mean Range 
ANOVA
(p-value) 
pH 8.02 7.90 - 8.12 0.8054 
Dissolved Oxygen (mg/L) 7.80 7.80 – 7.80 * 
Alkalinity (mg CaCO3/L) 76.40 72.00 - 80.00 0.9280 
Hardness (mg CaCO3/L) 90.50 88.00 - 92.00 0.9909 
Conductivity (μmhos/cm) 258.40 252.00 - 265.00 0.9907 
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Table 4.2:  Reported lethal temperatures (LT100) of Blue Tilapia from this study and others 
in the literature. 
Reported Blue Tilapia Lethal Temperatures 
Author Year Location 
Lethal Temperature 
(Celsius) 
Armas-Rosales 2006 Louisiana 4 
Chervinsky & Lahov 1976 Israel 9 
El-Gamal 1987 Alabama 7.3 
Paz 2004 Louisiana 5.5 
Starling et al. 1995 Texas 10.9 
Zale & Gregory 1989 Florida 6 
Heaton 2015 South Carolina 6 
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Table 4.3: Mean coastal water temperatures for the winter months of 2014 – 2015 from 
Wilmington, NC south to Savannah, GA.  Temperatures are reported as mean of monthly 
temperature measurements collected by the National Oceanic and Atmospheric 
Administration (NOAA). 
Winter 2014 - 2015 
Mean Temperature by Month in Degrees Celsius 
Location November December January February March 
Wilmington, NC 20.6 16.7 14.4 14.4 16.7 
Myrtle Beach, SC 16.1 11.7 8.9 10 12.8 
Charleston, SC 17.2 12.2 10 10 13.9 
Savannah, GA 17.8 12.2 10.6 11.1 15 
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Figure 4.1: Experimental design; layout of aquaculture tanks depicting pseudo-replicates 
with corresponding tank compartment identification, treatment, and number of test 
subjects.   
Tank 1 Tank 2 
Section 1 - A
Treatment
Temperature Reduction  (-2° C/24 Hours)             
10 Fish 
Section 2 - A
Control
Temperature held at 20° C
10 Fish 
Section 1 - B 
Treatment
Temperature Reduction  (-2° C/24 Hours)             
10 Fish 
Section 2 - B
Control
Temperature held at 20° C
10 Fish 
Section 1 - C
Treatment
Temperature Reduction  (-2° C/24 Hours)             
10 Fish 
Section 2 - C  
Control
Temperature held at 20° C
0 Fish 
65 
Figure 4.2: Distribution of tilapia mortalities by corresponding lethal temperature.  Results 
of cold tolerance trials where juvenile Blue Tilapia (n = 30) were exposed to temperature 
reduction beginning at 20° C and decreasing at -2° C per 24 hours in order to determine 
LT50 and LT100. 
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Figure 4.3: Observed lethal temperature for tilapia by total length from lethal temperature 
trials, where juvenile tilapia (n = 30) were exposed to temperature reduction beginning at 
20° C and decreasing at a rate of -2° C per 24 hours. 




























Figure 4.4: Survival regression using the Kaplan-Meier non-parametric method for 
survival estimation of Blue Tilapia juveniles (n =30) exposed to temperature reduction 
trials beginning at 20° C and decreasing at a rate of -2° per 24 hours.   
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Figure 4.5: Condensed survival regression using the Kaplan-Meier non-parametric method 
for survival estimation of Blue Tilapia juveniles (n =30) exposed to temperature reduction 
trials at -2° per 24 hours. Graph includes only data from trial temperatures in which 
mortalities were observed (zero mortalities were observed in the temperature reduction 
range of 20 - 14° C). 
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CHAPTER FIVE 
Biomass Measurements of Duckweed (Lemna minor) in South Carolina 
Agricultural Impoundments 
Abstract 
We studied growth characteristics of naturally occurring duckweed (Lemna minor, 
Linnaeus) populations in agricultural ponds (n = 3) located in the piedmont and coastal 
plain of South Carolina.  Duckweed populations were sampled bi-weekly from April to 
October during the 2012 and 2013 growing seasons. Measurements included visually 
estimated percent duckweed surface coverage and wet biomass.  Measurements were 
collected inside a 1 m2 frame.  Sampling efforts collected data from 0.5% of each pond 
during each visit. Duckweed surface coverage was similar between years (α = 0.05: p = 
0.1949), but different between geographical region, ponds, and months (α = 0.05: p < 
0.0001).  Mean duckweed surface coverage of ponds was highest in August (98.75%) and 
lowest in October (77.8%).  Duckweed biomass was different between months, years, and 
ponds (α = 0.05: p < 0.0001).  Biomass observations were greatest in July (2.93 kg/m2) and 
lowest in October (1.76 kg/m2).  Attempts to model biomass of duckweed based on percent 
duckweed surface coverage were unsuccessful, and accuracy of models declined as 
duckweed approached 100% surface coverage.  We attributed the lack of success with 
modeling attempts to the layering effect of high density duckweed populations. 
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Introduction 
The duckweed family (Lemnaceae) is comprised of 5 genera, consisting of 33 
species, and is distributed globally (Wang et al. 2011).  Duckweeds exhibit rapid growth 
and reproduction.  Under ideal conditions duckweed populations can double in biomass 
every 3 to 6 days (Beckan et al. 2009 and Vatta et al. 1995).  The wide distribution and 
growth characteristics of duckweeds have created interest in the areas of biofuel 
production, animal feed, and waste water treatment (Culley and Epps 1973, Truax et al. 
1972, Ozengin and Elmari 2007, and Sutton and Ornes 1975).  Understanding biomass 
production and growth characteristics of duckweed is critical to scientific investigations of 
the areas previously mentioned.  Additionally, biomass measurements are important in 
calculating herbicide application rates to control duckweed.  Unfortunately, most studies 
of duckweed populations have been conducted in laboratories rather than under natural 
conditions (Rejmankova 1973).   
The goal of this study was to determine growth characteristics of duckweed under 
natural conditions in agricultural impoundments, and to quantify changes in growth 
throughout the growing season.  The specific objectives of this study were to: 1) measure 
duckweed surface coverage and identify monthly growth patterns, 2) measure duckweed 
biomass and identify monthly growth patterns, 3) investigate the potential to predict 
duckweed biomass based on percent surface coverage, and 4) to compare results of this 
study with findings of other studies. 
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Study Area 
This study was conducted in the piedmont and coastal plain of South Carolina.  
Ponds (n=3) selected for this study were located in agriculture settings, and had a history 
of irrigation use.  Additionally, ponds selected had existing duckweed populations.  Ponds 
ranged in size from 0.1-0.2ha.  There were two study ponds (n=2) in the coastal plain 
located at Clemson University Edisto Research and Education Center (Edisto REC).  Edisto 
REC is located just outside of the town of Blackville in Barnwell County.  During the 2012 
and 2013 study seasons, cotton, peanuts, and soybeans were grown in fields adjacent to 
study ponds at Edisto REC.  The piedmont study pond (n=1) was located near the town of 
McConnells in York County.  During the 2012 and 2013 study seasons, fields adjacent to 
the study pond in York were used for pasture, cotton or peanut production.     
Study Design 
Aquatic vegetation was sampled bi-weekly from April - October of 2012 and 2013.  
Vegetation measurements were collected at random locations along a transect within each 
study pond.  Vegetation was measured inside a 1 meter square frame.  Measurements were 
collected from the frame once at each stop.  The number of sampling locations along the 
transect were determined by pond size.  During each sampling visit 0.5% of each pond was 
sampled (5-10m²).  Data collected within the frame included: estimated total percentage of 
water surface covered by duckweed, and wet mass of duckweed within the frame.  
Percentage of vegetation covering the water surface was estimated visually.  Vegetation 
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within the frame was collected using a fine mesh net.  Water was pressed out of each sample 
by hand.  Collected vegetation was then transferred to a fine mesh bag.  When all vegetation 
within the frame had been transferred to the mesh bag, the bag was hand pressed again to 
remove excess water.  Vegetation in the mesh bag was then weighed using a digital hanging 
scale to obtain a wet biomass measurement.  Vegetation was returned to the study pond 
immediately after being weighed. 
Analysis 
Measurements collected during this study were analyzed using JMP 11 statistical 
software (SAS Institute, Inc., ©2013).   The fit y by x procedure was used to obtain means 
and standard deviations for all measured variables.  Analysis of variance was used to 
identify differences between variables and treatments.  The fit model procedure was used 
to develop prediction models and to assess accuracy of fit lines. 
Results 
Duckweed surface coverage was similar between 2012 and 2013 growing seasons 
(α = 0.05: p = 0.1949).  Duckweed coverage was different among ponds (α = 0.05: p < 
0.0001).  Water surface coverage of duckweed ranged from 0-100%.  Mean surface 
coverage for ponds was 97.65% (SD = 9.93), 79.15% (SD = 25.69), and 99.64% (SD = 
1.59), respectively.  Surface coverage was different among months (α = 0.05: p < 0.0001).  
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Mean surface coverage for months ranged from 77.80-98.75%.  Mean coverage was lowest 
in October and highest in August (Table 5.1 and Figure 5.1).  Coverage differed among 
geographical locations (α = 0.05: p < 0.0001).  Mean coverage at the Piedmont site was 
97.65% (SD = 9.93).  Mean coverage at Edisto REC was 89.40% (SD = 20.86) (Figure 
5.2). 
Duckweed biomass differed between years in this study (α = 0.05: p < 0.0001).  
Mean biomass was 2.17 kg/m² (SD = 1.22 kg/m²) in 2012, and 2.70 kg/m² (SD = 1.11 
kg/m²) in 2013.  Biomass of duckweed varied among ponds (α = 0.05: p < 0.0001).  Mean 
biomass for study ponds was 2.57 kg/m² (SD = 1.21 kg/m²), 1.63 kg/m² (SD = 1.05 kg/m²), 
and 3.08 kg/m² (SD = 0.76 kg/m²), respectively.  Mean biomass differed among months (α 
= 0.05: p < 0.0001).  Monthly mean biomass values ranged from 1.76-2.93 kg/m².  Mean 
monthly biomass was lowest in October and highest in July (Table 5.2).  Biomass was 
similar among geographical locations (α = 0.05: p = 0.0730).   
Duckweed biomass differed in respect to surface coverage (α = 0.05: p < 0.0001).  
Biomass measurements were not proportionate with respect to increases in surface 
coverage.  Variance of biomass increased as surface coverage approached 100% (Figure 
5.3).  The relationship of biomass and surface coverage was further analyzed by separating 
data into measurements observed below 85% surface coverage (α = 0.05: p < 0.0001) and 
above 85% surface coverage (α = 0.05: p < 0.0001).  Biomass predictability was accurate 
at coverage values below 85% (Figure 5.4).  Biomass variability at surface coverage levels 
above 85% reduced the accuracy of modeling attempts (Figure 5.5). 
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Discussion 
Duckweed surface coverage and biomass changed throughout the growing season 
within study ponds each year.  Duckweed coverage was not significantly different between 
study years.  The seasonal changes of duckweed growth have been documented in several 
studies (Guy et al. 1990, Reddy and DeBusk 1985, DeBusk et al. 1981, and Rejmankova 
1973).  Results of these studies are quite variable.  In our study mean duckweed biomass 
was greatest in July.  Biomass of duckweed in the piedmont study pond exhibited steady 
increase in biomass peaking in July followed by a sharp decline in following months.  Pond 
A at the Edisto REC study site exhibited a steady increase through August followed by a 
sharp decline in following months.  Rejmankova (1973) reported similar results, with 
duckweed growth rates maxing out in July.  Contrarily, Guy et al. (1990) reported yields 
declined in July and August, with maximum yields in April, May, and September.  Guy et 
al. (1990) concluded high summer water temperatures negatively impacted growth rates of 
duckweeds.  Pond B at the Edisto REC study site exhibited growth rates much different 
than others in this study and those in the literature.  Duckweed in Pond B had a maximum 
biomass in April followed by a very sharp decline in May.  May exhibited the lowest 
recorded biomass of any month in Pond B.  Biomass in Pond B exhibited step like growth 
from May until the end of the growing season, with October biomass recordings higher 
than all months except April.   Reddy and DeBusk (1985) studied seasonal growth of 
several aquatic plants in Florida ponds.  They reported growth rates of duckweed were 
similar from April-October.  Based on the findings of this study and others mentioned, 
seasonal growth of duckweed may vary significantly between ponds.  Biomass recordings 
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in this study indicate location was not the factor contributing variability of growth rates.   
This study did not assess other factors that could contribute to the variability of growth 
rates among ponds.  Future studies could evaluate the impact of water temperature, growing 
days, nutrient availability, water levels, consumption, and a host of other biological and 
environmental factors on growth of duckweed. 
Bekcan et al. (2009) determined a linear correlation between biomass of duckweed 
and surface coverage existed.  Their study used an image analysis technique to determine 
surface coverage of duckweed.  The experiment was conducted under laboratory settings, 
but researchers concluded their image analysis technique would be able to predict biomass 
under natural conditions in the field.  Results of this study are contrary to the findings of 
Beckan et al. (2009).  In this study, attempts to model biomass based on surface coverage 
were ineffective.  Results indicate a strong trend in the biomass to surface coverage relation 
when surface coverage was less than 90%.  The trend becomes less predictive as coverage 
approaches 100%.  Variability of biomass at these coverage levels was attributed to the 
layering effect of duckweed.  Duckweed populations formed layers of varying thickness. 
Image analysis was not used in this study: however, the visual estimation technique 
was similar to the image analysis technique in that they were 2-dimensional.  In order to 
accurately estimate duckweed biomass in dense populations a 3-dimensional measurement 
is needed to correct for layering tendencies of duckweed.  The Bekcan et al. (2009) study 
was a short term (28 day) laboratory test.  Under these conditions it is unlikely they 
witnessed a layering effect as observed under natural settings. 
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Summary 
Seasonal growth characteristics of duckweed exhibited variability among years, 
months and ponds in this study and others (Guy et al. 1990, Reddy and DeBusk 1985, and 
Rejmankova 1973).  The ability to determine biomass of duckweed based on water surface 
coverage estimates would be beneficial for scientific investigations as well as aquatic 
management activities.  Methods used to predict biomass of duckweed based on water 
surface coverage were unsuccessful.  Image analysis techniques for predicting duckweed 
biomass presented by Bekcan et al. (2009) were tested under laboratory conditions.  The 
ability to transfer the technique to the field is questionable.  Neither the technique described 
in this study, nor the technique described by Bekcan incorporated the 3-dimensional growth 
characteristics of duckweed populations.  Future attempts to determine correlations 
between surface coverage and biomass of duckweed will need to address the 3-dimensional 
growth of duckweed under field conditions. 
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Tables and Figures 
Table 5.1:  Mean duckweed surface coverage from agriculture ponds (n = 3) in the 
piedmont and coastal plain of South Carolina.  Data represent observations from the 2012 
and 2013 growing seasons. 
Month 








April 78.62 31.02 66.82 90.42 
May 94.15 12.87 90.85 97.44 
June 94.79 14.51 91.56 98.02 
July 97.13 9.74 94.96 99.29 
August 98.75 5.57 97.31 100.19 
September 94.58 10.22 91.94 97.22 
October 77.8 6.83 63.71 91.89 
83 
Table 5.2:  Mean duckweed biomass from agricultural ponds (n = 3) in the piedmont and 











April 2.26 1.45 1.71 2.81 
May 2.24 1.39 1.89 2.60 
June 2.26 0.86 2.08 2.46 
July 2.93 1.04 2.70 3.17 
August 2.72 1.24 2.39 3.04 
September 2.46 1.01 2.20 2.72 
October 1.76 1.44 1.16 2.35 
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Figure 5.1: Mean duckweed surface coverage of agricultural ponds (n = 3) located in the 
piedmont and coastal plain of South Carolina by month for the 2012 and 2013 growing 
seasons (April – October). 
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Figure 5.2: Mean duckweed surface coverage for agricultural ponds (n = 3) from the 
piedmont and coastal plain of South Carolina during the 2012 and 2013 growing seasons. 
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Figure 5.3: Relationship of duckweed biomass (kg/m2) to percent duckweed surface 
coverage of agricultural ponds (n = 3) in the piedmont and coastal plain of South Carolina 
(p < 0.0001).  Figure depicts the difficulty of predicting duckweed biomass based on 
percent duckweed surface coverage as percent surface coverage approaches 100%. 
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Figure 5.4: Relationship of duckweed biomass (kg/m2) to percent duckweed surface 
coverage of agricultural ponds (n = 3) when percent surface coverage is less than 85% (p 
< 0.0001). 
Y = -0.1565+0.0193*X 
R2: 0.560 
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Figure 5.5: Relationship of duckweed biomass (kg/m2) to percent duckweed surface 
coverage of agricultural ponds (n = 3) when percent surface coverage is greater than 85% 
(p < 0.0001). 
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CHAPTER SIX 
Chemical Composition and Evaluation of Nutrient Accumulation in 
Duckweed (Lemna minor) 
Abstract 
Naturally occurring duckweed (Lemna minor, Linneaus) populations in agricultural 
impoundments in the coastal plain and piedmont of South Carolina were analyzed to 
determine composition, bioconcentration abilities, and to rank nutrient accumulation.  
Waters (n = 5) in this study received only indirect nutrient inputs through runoff and other 
natural processes, typical of agricultural ponds.  Feed and forage analysis revealed mean 
crude protein content of 20.38% and mean fat content of 2.38%.  All nutrients measured in 
this study were found in higher concentrations in duckweed tissue than in corresponding 
water.  Nutrient accumulation abilities were ranked for macro and micro nutrients.  Nutrient 
accumulation ranks were as follows: primary macro nutrients (P > K), secondary macro 
nutrients (S > Ca > Mg), and micro nutrients (Mn > Fe > Zn > Cu).  Results of this study 
indicate that duckweed has potential as a livestock feed source and as a species for use in 
bio-remediation of waste waters. 
Introduction 
The duckweed family (Lemnacea) has been a topic of interest to those researching 
potential feed stocks, biofuel sources, and bioremediation of waste waters across the globe 
for over 40 years (Fletcher and Warburton 1997, Yilmaz et al. 2004, Fasakin et al. 1999, 




Cheng 2015, Ge et al. 2012, Bayrakci and Kocar 2014, Culley and Epps 1973, Truax et al. 
1972, Ozengin and Elmari 2007, and Sutton and Ornes 1975).  Results of these studies 
have provided considerable information to the knowledge base of duckweed nutrient 
uptake, nutritional composition, and biomass production.  
The overall consensus of investigations on the suitability of duckweed as a potential 
biofuel source is that biomass production, cell structure, and starch content make duckweed 
a viable option for biofuel production (Hillman and Culley 1978, Bayrakci and Kocar 2014, 
Ge at al. 2012, Cui and Cheng 2015, Tao et al. 2013, and Xiao et al. 2013).  Studies 
analyzing the potential of duckweed as a feed source for livestock also indicate that 
duckweeds are a viable option for many livestock species (Hillman and Culley 1978, 
Fletcher and Warburton 1997, Yilmaz et al. 2004, Fasakin et al. 1999, and Leng at al. 
1995). Likewise, research focused on nutrient removal from wastewater systems has 
proven duckweeds to be acceptable species for bioremediation projects (Culley and Epps 
1973, Cheng et al. 2002, Hillman and Culley 1978, Harvey and Fox 1973, El-Shafai et al. 
2007, Xu and Shen 2011, Ansal et al. 2010).  
The aforementioned studies provide information on duckweed nutrient uptake and 
composition in waters receiving direct nutrient inputs.  They do not thoroughly address 
nutrient uptake and composition of duckweeds in water bodies not receiving direct nutrient 
inputs.  Furthering the understanding of nutrient concentrations in duckweed grown in 
ponds receiving only indirect nutrient could be useful for the development of baseline 
figures for future duckweed research.  Additionally, evaluating the nutrient accumulation 
relationship of duckweed and waters receiving indirect nutrient inputs could further 
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understanding of these processes.  Combining nutrient accumulation relationships of 
duckweed in waters receiving direct and indirect nutrient inputs could be beneficial to 
predicting effects of discharges of nutrients into natural waterbodies.  
The main objective of this study was to address nutrient composition of duckweed 
tissue and to evaluate the relationship of nutrient availability with concentration in 
duckweed tissue.  To achieve the overall objective, the specific objectives were to: 1) 
determine crude protein, fat, and nutrient concentrations in duckweed populations found in 
agricultural impoundments of the piedmont and coastal plain of South Carolina, 2) 
investigate the relationship of nutrient concentrations in duckweed tissue and 
corresponding pond water, and 3) rank duckweed accumulation abilities for macro and 
micro nutrients.  The purpose of this study is to improve the understanding of duckweed 
composition and nutrient accumulation in waters not receiving direct nutrient inputs.  
Results will supplement existing data on nutrient accumulation and nutritional value for 
livestock feeds, as well as help to establish baseline values for nutritional composition of 
duckweed. 
Study Area 
This study was conducted in the piedmont and coastal plain of South Carolina.  
Ponds (n=3) and canals (n=2) selected for this study were located in agricultural settings, 
and had a history of irrigation use.  Additionally, water bodies selected had existing 
duckweed populations.  There were two study ponds (n=2) and two canals (n=2) in the 
coastal plain located at Clemson University’s Edisto Research and Education Center 
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(Edisto REC).  Edisto REC is located just outside of the town of Blackville in Barnwell 
County.  During the 2012 and 2013 study seasons, cotton, peanuts, and soybeans were 
grown in fields adjacent to study ponds at Edisto REC.  The piedmont study pond (n=1) 
was located near the town of McConnells in York County.  During the 2012 and 2013 study 
seasons, fields adjacent to the study pond in York were used for pasture, cotton or peanut 
production.    Chemical analysis of duckweed tissue and water samples were conducted at 
Clemson University’s Agriculture Services Laboratory located in Clemson, SC. 
Study Design 
Irrigation Water Analysis 
A water sample was collected from each study pond (n = 5) using Nalgene 125 ml 
polyethylene water sample bottles (Nalge Nunc International Corporation, Rochester, NY). 
Bottles were rinsed 3 times with water from the collection site prior to collecting the 
sample. Samples were collected from the top 10 cm of the water column.  A mesh screen 
(250 μ) was placed over the mouth of the bottle to prevent solids from entering the sample.  
Samples were submitted to the Agriculture Services Laboratory at Clemson University. 
Analysis included pH, total dissolved solids (TDS), electrical conductivity (EC), 
bicarbonate (HCO3), phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), 
zinc (Zn), copper (Cu), manganese (Mn), iron (Fe), sulfur (S), boron (B), sodium (Na), and 
chlorine (Cl).  pH was measured using a pH electrode and meter that was calibrated using 
appropriate buffers.  pH values were recorded to one decimal.  EC was measured using a 
conductivity meter and recorded to two decimal places.  The conductivity meter was 
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thoroughly rinsed and calibrated between each sample.  Mineral concentrations were 
determined using inductively-coupled plasma mass spectrometry (ICP-MS) (SPECTRO 
Arcos FSH12, SPECTRO Analytical Instruments GmbH, Kleve, Germany).  In this system 
high temperature ICP is used to separate elemental atoms and convert them to ions so they 
can be detected by MS (Greenberg 1985).  
Tissue Analysis 
A duckweed sample was collected in August 2013 from each study pond (n = 5) 
using a fine mesh (3 mm) dip net.  Samples were rinsed with water from collection site to 
remove any foreign matter.  After rinsing samples were hand-pressed to remove excess 
water and submitted to the Agriculture Services Laboratory.  Samples were further 
inspected at the laboratory.  Samples were rinsed to remove foreign matter and soil 
particles.  Decaying and or diseased plant matter was removed from samples.  Clean 
samples were then placed in a paper sample bag.  Samples were oven dried at 70-80° C for 
12-24 hours.  Samples were dried to a crisp, brittle state and ground immediately.  Samples
were then analyzed under standard operating procedures for feed and forage analysis as 
described by Clemson Agriculture Services Laboratory.  The dry ash procedure was used 
to obtain concentrations for B, Al, P, K, Ca, Mg, Zn, Cu, and Fe.  Total nitrogen 
concentrations were determined using the Kjeldahl digestion for total nitrogen method.  A 
Kjeltec 2300 Analyzer Unit was used to distill samples for nitrogen content analysis.  Crude 
protein percentage was calculated by multiplying percent nitrogen by 6.25.  Determination 
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of fat percentage was derived through the use of a Soxhlet Extraction Apparatus.  Fat 
percentage was calculated as ((weight after drying) - (weight after extraction)) x 100 / 
((thimble and sample weight) - (thimble weight)). 
Analysis 
Nutrient concentrations found in water and corresponding duckweed tissue analysis 
were analyzed to provide Relative Percent Difference (RPD) and Accumulation Factors 
(AF).  RPD was calculated for each nutrient by comparing nutrient concentrations between 
each water body (n=5) in the study.  We utilized the formula below to analyze 
concentration differences between samples.  We considered RPD values of 50% or greater 
to be significant, indicating that concentrations were different between water bodies. 
RPD = [(X1 – X2) / ((X1 + X2) / 2)] x 100 
Where:   X1 = nutrient concentration at study pond 1 
X2 = nutrient concentration at study pond 2 
Accumulation factors were calculated by dividing nutrient composition in 
duckweed tissue by nutrient concentration in water.  AFs were then utilized to rank nutrient 
uptake. 
AF = Nutrient Concentration in Duckweed Tissue / Nutrient Concentration in Water 
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Results 
Water quality parameters including pH, electro conductivity (EC), total dissolved 
salts concentration (TDS), and bicarbonate concentration (HCO3) were recorded for each 
study pond and canal.  Water quality parameters ranged from pH (6.7 -6.9), EC (0.07 – 
0.13 mmhos/cm), TDS (45 – 102 ppm), and HCO3 (0.3 – 1.1 meq/L).  Full results of water 
quality parameters by study water body can be seen in Table 6.1. 
Nutrient concentrations in study waters (n=5) for P, K, Ca, Mg, Zn, Cu, Mn, Fe, S, 
B, Na, and Cl were measured at Clemson University’s Agriculture Services Laboratory.  
Means and ranges for nutrient concentrations (ppm) in water samples were as follows: P 
(0.12, 0.03 – 0.29), K (5.77, 3.05 – 7.92), Ca (6.24, 4.2 – 9.6), Mg (3.58, 2.4 – 5.3), Zn 
(<0.01, <0.01 – 0.01), Cu (<0.01, <0.01 – 0.01), Mn (0.15, 0.04 – 0.27), Fe (1.12, 0.18 – 
2.5), S (0.77, 0.7 – 0.84), B (0.026, 0.02 – 0.04), Na (5.05, 2.54 – 7.13), and Cl (8.91, 2.96 
– 14.19).  Nutrient levels were consistently lower in the two canals at Edisto REC than in
the other study ponds.  The only exceptions were S and Cl.  S concentrations were nearly 
equal in each study pond.  Cl levels were lowest in the York county study pond.  
Concentrations for each nutrient by study pond can be seen in Table 6.4.  Nutrient 
concentrations in water samples collected from study ponds were analyzed using the RPD 
method.  Zn and Cu were excluded from RPD analysis because several measurements were 
less than 0.01ppm, but exact concentrations were not reported by the laboratory.  
Concentrations exhibiting RPD values greater than 50% were considered to be different.  
With the exception of sulfur concentrations, considerable variability in nutrient 
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concentration existed between study waters.  Complete RPD results for nutrient 
concentrations in study waters can be seen in Table 6.2. 
Nutrient concentrations in duckweed tissue collected from each study pond were 
analyzed at the Agriculture Services Laboratory.  Concentrations of crude protein, fat, P, 
K, Ca, Mg, S, Zn, Cu, Mn, and Fe were reported on a 100% dry matter basis.  Means and 
ranges for nutrient concentrations in duckweed tissue samples were as follows: crude 
protein (20.38%, 12.8 – 24.5%), fat (2.38%, 1.9 – 2.7%), P (3000 ppm, 2,300 – 3,500 ppm), 
K (27,520 ppm, 23,600 – 31, 500 ppm), Ca (13,320 ppm, 10,900 – 16, 200 ppm), Mg 
(3,000 ppm, 2,400 – 3,300 ppm), S (4,420 ppm, 3,500 – 5,200 ppm), Zn (98.6 ppm, 55 – 
140 ppm), Cu (7 ppm, 4 - 9 ppm), Mn (4,932.8 ppm, 1,708 – 10,152 ppm), and Fe (11,802.6 
ppm, 9,119 – 14,545 ppm).  Nutrients in duckweed tissue from greatest to least 
concentration were as follows: K, Ca, Fe, Mn, P, Mg, Zn and Cu.  Nutrient concentrations 
in duckweed tissue can be seen by study pond in Table 6.4.  Concentrations of nutrients in 
duckweed tissue were analyzed using RPD analysis.  Concentrations exhibiting RPD 
values greater than 50% were considered to be different.  RPD analysis indicated variability 
of nutrient concentrations was minimal between study ponds for the following: fat, P, K, 
Ca, Mg, S, and Fe.  Crude protein, Zn, Cu, and Mn concentrations in duckweed tissue 
samples varied among study ponds.  Complete RPD results for comparison of nutrient 
concentrations in duckweed tissue among study ponds can be seen in Table 6.3. 
Nutrient accumulation in duckweed tissue was analyzed through computation of 
accumulation factors for each nutrient.  AF analysis was defined as nutrient concentration 
in duckweed tissue divided by the nutrient concentration in corresponding water sample.  
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B, Cl, and Na concentrations were excluded from AF analysis as concentrations were 
measured in water samples only.  Mean accumulation factors were as follows: P (50,201.6), 
K (5,677.0), Ca (2,318.0), Mg (977.1), S (5,802.1), Zn (9,860.0), Cu (700.0), Mn 
(74,256.3), and Fe (17,610.3).  Nutrient accumulation for each nutrient by study pond can 
be seen in Table 6.4.  Accumulation abilities of duckweed were ranked for primary and 
secondary macro nutrients as well as micro nutrients.  Macro nutrient accumulation 
abilities in order from greatest to least were: primary = P then K, secondary = S, Ca, 
followed by Mg.  Accumulation ability for micro nutrients was found to be, in order from 
greatest to least: Mn, Fe, Zn, and Cu.  Nutrient accumulation ranking for macro and micro 
nutrients can be seen in Table 6.5. 
Discussion 
Feed and forage analysis conducted at Clemson University’s Agriculture Services 
Laboratory indicated duckweed would make an acceptable feedstock for many commonly 
cultured species.  Nutrient levels were comparable to commonly utilized commodities for 
livestock feed production in the United States.  Analysis results revealed nutrient 
concentrations comparable to those reported by Culley and Epps (1973) for natural 
freshwater sites in Louisiana.  Crude protein, fat, Ca, K, Mg, Mn, and Zn concentrations in 
this study were within the range of concentrations reported by Culley and Epps (1973).   
The available literature on nutrient concentrations in duckweed grown in natural 
aquatic systems receiving only in-direct nutrient inputs is limited.  The work of Culley and 
Epps in Louisiana (1973) and this study provide concentrations for nutrients in duckweed 
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from waters receiving in-direct nutrient inputs only.  Numerous studies provide 
information on nutrient concentrations in duckweed grown in waters receiving direct 
nutrient inputs (Rodgers et al. 1978, Mbagwu and Adeniji 1988, Harvey and Fox 1973, 
Hanczakowski et al. 1995, Leng et al 1995, and Hillman and Culley 1978).  Comparison 
of crude protein and fat contents of duckweeds grown in direct versus indirect aquatic 
systems indicate substantial difference in crude protein and fat.  Duckweeds grown in 
waters receiving direct nutrient inputs (wastewater and sewage) exhibited crude protein 
levels more than 2x greater than those reported in waters receiving indirect nutrient inputs.  
Values for crude protein (m = 20.38%) and fat (m = 2.38%) reported in this study could be 
used as baseline concentrations for those interested in culturing duckweed for livestock 
feed production. 
Duckweed appeared to be very effective at concentrating all nutrients tested in this 
study.  Concentrations in tissue were higher than those in water for every nutrient tested.  
Surprisingly, the micro nutrients Mn and Fe were found to have tissue concentrations above 
those of the macro nutrient P.  Fe concentrations were likely the result of “iron plaque” on 
plant surfaces (Rahman et al. 2007).  Mn concentrations could possibly be attributed to 
duckweed’s indulgent nutrient uptake and storage capabilities.  Indulgent nutrient uptake 
could be described as the uptake of nutrients in quantities exceeding those required for 
normal biological functions or processes within the plant.  Duckweed’s indulgent nutrient 
uptake and storage has previously been reported for N and P (Cheng et al. 2002).  Indulgent 
nutrient uptake and accumulation are desirable qualities when investigating a plants 
potential for bioremediation.   
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Results of AF analysis indicated that the greatest bioconcentration abilities were 
for P, Mn, and Fe, however, AF values were substantial for every nutrient tested.  Mbagwu 
and Adeniji (1988) reported similar results from their study in Nigeria.  P and Fe exhibited 
the greatest AF values in their study.  Rodgers et al. (1978) also reported significant AF 
values for nutrient concentrations in duckweed populations grown in the coastal plain of 
SC.  Tripathi and Upadhyay (2002) compared the abilities of three floating aquatic plants 
(Eichhornia crassipes, Lemna minor, and Azolla pinnata) to remove N and P from dairy 
waste waters.  Their study indicated that Lemna minor (P tissue concentration = 9,290 ppm) 
and Azolla pinnata (P tissue concentration = 9,630 ppm) were superior to Eichhornia 
crassipes (P tissue concentration = 5,830 ppm) in removing P.  Nutrient accumulation 
abilities found in our study support other studies suggesting duckweed as valuable species 
for utilization in bioremediation projects.   
Summary 
Nutritional composition of duckweed grown in the piedmont and coastal plain 
indicated duckweed was a viable option for livestock feed.  Nutritional values were 
comparable to those of commonly utilized commodities for livestock feed.  Mean crude 
protein of duckweed in this study was 20.38%.  Mean fat content was 2.38%.  Crude protein 
and fat content of duckweed can be much higher in systems that receive direct nutrient 
inputs, as such the figures presented in this study should be considered as baseline 
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concentrations.  Additionally, nutrient concentrations found in this study do not indicate 
any potential health risks. 
Nutrient concentrations in duckweed were substantially higher than levels in 
corresponding waters.  Nutrient concentrations found in duckweed tissue in order from 
greatest to least were: K, Ca, Fe, Mn, P, Mg, Zn, and Cu.  Nutrient accumulation rankings 
for macro and micro nutrients in order from greatest to least were:  primary macro = P then 
K, secondary macro = S, Ca, then Mg, and micro = Mn, Fe, Zn, and then Cu.  
Bioconcentration abilities found in this study support duckweed as a viable species for 
bioremediation of aquatic systems. 
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Tables and Figures 
Table 6.1: Water quality measurements from agricultural impoundments receiving only 
in-direct nutrient inputs in the piedmont and coastal plain of South Carolina. 








York 6.9 0.13 83 1.1 
Edisto REC Pond A 6.9 0.13 83 0.5 
Edisto REC Pond B 6.8 0.16 102 0.8 
Edisto REC Canal A 6.7 0.09 58 0.4 
Edisto REC Canal B 6.8 0.07 45 0.3 
EC = Electro-Conductivity TDS = Total Dissolved Solids 
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Table 6.2: Comparison of Relative Percent Difference (RPD) of nutrient concentrations 
in waters of agricultural impoundments in the piedmont and coastal plain of South 
Carolina.  RPD values ≥ 50% indicate significant difference in nutrient concentration 
between sites. Sample Locations: York = York, SC, EPA = Edisto REC Pond A, EPB = 
Edisto REC Pond B, ECA = Edisto REC Canal A, ECB = Edisto REC Canal B 
Sample (A,B)
Site A Site B RPD (%) Site A Site B RPD (%) Site A Site B RPD (%)
York to EPA 0.12 0.13 8 7.92 6.06 27 9.6 5.5 54
York to EPB 0.12 0.29 83 7.92 7.83 1 9.6 7.6 23
York to ECA 0.12 0.04 100 7.92 4 66 9.6 4.3 76
York to ECB 0.12 0.03 120 7.92 3.05 89 9.6 4.2 78
EPA to EPB 0.13 0.29 76 6.06 7.83 25 5.5 7.6 32
EPA to ECA 0.13 0.04 106 6.06 4 41 5.5 4.3 24
EPA to ECB 0.13 0.03 125 6.06 3.05 66 5.5 4.2 27
EPB to ECA 0.29 0.04 152 7.83 4 65 7.6 4.3 55
EPB to ECB 0.29 0.03 163 7.83 3.05 88 7.6 4.2 58
ECA to ECB 0.04 0.03 29 4 3.05 27 4.3 4.2 2
Sample (A,B)
Site A Site B RPD (%) Site A Site B RPD (%) Site A Site B RPD (%)
York to EPA 5.3 2.7 65 0.82 0.74 10 0.27 0.13 70
York to EPB 5.3 5 6 0.82 0.84 2 0.27 0.23 16
York to ECA 5.3 2.5 72 0.82 0.75 9 0.27 0.1 92
York to ECB 5.3 2.4 75 0.82 0.7 16 0.27 0.04 148
EPA to EPB 2.7 5 60 0.74 0.84 13 0.13 0.23 56
EPA to ECA 2.7 2.5 8 0.74 0.75 1 0.13 0.1 26
EPA to ECB 2.7 2.4 12 0.74 0.7 6 0.13 0.04 106
EPB to ECA 5 2.5 67 0.84 0.75 11 0.23 0.1 79
EPB to ECB 5 2.4 70 0.84 0.7 18 0.23 0.04 141
ECA to ECB 2.5 2.4 4 0.75 0.7 7 0.1 0.04 86
Sample (A,B)
Site A Site B RPD (%) Site A Site B RPD (%)
York to EPA 4.73 7.13 40 1.1 1.6 37
York to EPB 4.73 6.66 34 1.1 2.5 78
York to ECA 4.73 4.17 13 1.1 0.18 144
York to ECB 4.73 2.54 60 1.1 0.24 128
EPA to EPB 7.13 6.66 7 1.6 2.5 44
EPA to ECA 7.13 4.17 52 1.6 0.18 160
EPA to ECB 7.13 2.54 95 1.6 0.24 148
EPB to ECA 6.66 4.17 46 2.5 0.18 173
EPB to ECB 6.66 2.54 90 2.5 0.24 165
ECA to ECB 4.17 2.54 49 0.18 0.24 29
Mg (ppm) S (ppm) Mn (ppm)
Na (ppm) Fe (ppm)
P (ppm) K (ppm) Ca (ppm)
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Table 6.3: Comparison of Relative Percent Difference (RPD) of nutrient concentrations 
found in duckweed tissues from naturally occurring populations in agricultural 
impoundments in the piedmont and coastal plain of South Carolina. RPD values ≥ 50% 
indicate significant difference in nutrient concentration between sites. Sample Locations: 
York = York, SC, EPA = Edisto REC Pond A, EPB = Edisto REC Pond B, ECA = Edisto 
REC Canal A, ECB = Edisto REC Canal B 
Sample (A,B)
Site A Site B RPD (%) Site A Site B RPD (%) Site A Site B RPD (%) Site A Site B RPD (%)
York to EPA 18.5 21.8 16 2.7 2.2 20 0.31 0.3 3 2.36 2.92 21
York to EPB 18.5 12.8 36 2.7 2.7 0 0.31 0.23 30 2.36 2.38 1
York to ECA 18.5 24.3 27 2.7 2.4 12 0.31 0.31 0 2.36 3.15 29
York to ECB 18.5 24.5 28 2.7 1.9 35 0.31 0.35 12 2.36 2.95 22
EPA to EPB 21.8 12.8 52 2.2 2.7 20 0.3 0.23 26 2.92 2.38 20
EPA to ECA 21.8 24.3 11 2.2 2.4 9 0.3 0.31 3 2.92 3.15 8
EPA to ECB 21.8 24.5 12 2.2 1.9 15 0.3 0.35 15 2.92 2.95 1
EPB to ECA 12.8 24.3 62 2.7 2.4 12 0.23 0.31 30 2.38 3.15 28
EPB to ECB 12.8 24.5 63 2.7 1.9 35 0.23 0.35 41 2.38 2.95 21
ECA to ECB 24.3 24.5 1 2.4 1.9 23 0.31 0.35 12 3.15 2.95 7
Sample (A,B)
Site A Site B RPD (%) Site A Site B RPD (%) Site A Site B RPD (%) Site A Site B RPD (%)
York to EPA 1.53 1.62 6 0.28 0.33 16 0.46 0.4 14 55 109 66
York to EPB 1.53 1.17 27 0.28 0.24 15 0.46 0.35 27 55 61 10
York to ECA 1.53 1.09 34 0.28 0.32 13 0.46 0.48 4 55 128 80
York to ECB 1.53 1.25 20 0.28 0.33 16 0.46 0.52 12 55 140 87
EPA to EPB 1.62 1.17 32 0.33 0.24 32 0.4 0.35 13 109 61 56
EPA to ECA 1.62 1.09 39 0.33 0.32 3 0.4 0.48 18 109 128 16
EPA to ECB 1.62 1.25 26 0.33 0.33 0 0.4 0.52 26 109 140 25
EPB to ECA 1.17 1.09 7 0.24 0.32 29 0.35 0.48 31 61 128 71
EPB to ECB 1.17 1.25 7 0.24 0.33 32 0.35 0.52 39 61 140 79
ECA to ECB 1.09 1.25 14 0.32 0.33 3 0.48 0.52 8 128 140 9
Sample (A,B)
Site A Site B RPD (%) Site A Site B RPD (%) Site A Site B RPD (%)
York to EPA 4 8 67 1755 3005 53 14545 9119 46
York to EPB 4 6 40 1755 1708 3 14545 12777 13
York to ECA 4 9 77 1755 8044 128 14545 10742 30
York to ECB 4 8 67 1755 10152 141 14545 11830 21
EPA to EPB 8 6 29 3005 1708 55 9119 12777 33
EPA to ECA 8 9 12 3005 8044 91 9119 10742 16
EPA to ECB 8 8 0 3005 10152 109 9119 11830 26
EPB to ECA 6 9 40 1708 8044 130 12777 10742 17
EPB to ECB 6 8 29 1708 10152 142 12777 11830 8
ECA to ECB 9 8 12 8044 10152 23 10742 11830 10
Cu (ppm) Mn (ppm) Fe (ppm)
Ca (%) Mg (%) S (%) Zn (ppm)
Crude Protien (%) Fat (%) P (%) K (%)
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Table 6.4: Nutrient concentrations (ppm) and corresponding Accumulation Factors (AF) 
for pond water and naturally occurring duckweed populations from agricultural 
impoundments receiving only in-direct nutrient inputs in the piedmont and coastal plain of 
South Carolina.  Duckweed tissue nutrient concentrations (ppm) are reported on a 100% 
dry matter basis. 
P K Ca Mg S Zn Cu Mn Fe
Water 0.12 7.92 9.6 5.3 0.82 <0.01 <0.01 0.27 1.1
Tissue (100% Dry-Matter) 3100 23600 15300 2800 4600 55 4 1755 14545
Accumulation Factor 25833.33 2979.8 1593.75 528.3 5609.76 5500 400 6500 13222.73
Water 0.13 6.06 5.5 2.7 0.74 0.01 0.01 0.13 1.6
Tissue (100% Dry-Matter) 3000 29200 16200 3300 4000 109 8 3005 9119
Accumulation Factor 23076.92 4818.48 2945.45 1222.22 5405.41 10900 800 23115.38 5110.8
Water 0.29 7.83 7.6 5 0.84 <0.01 <0.01 0.23 2.5
Tissue (100% Dry-Matter) 2300 23800 11700 2400 3500 61 6 1708 12777
Accumulation Factor 7931.03 3039.59 1539.47 480 4166.67 > 6100 > 600 7426.09 5110.8
Water 0.04 4 4.3 2.5 0.75 0.01 <0.01 0.1 0.18
Tissue (100% Dry-Matter) 3100 31500 10900 3200 4800 128 9 8044 10742
Accumulation Factor 77500 7875 2534.88 1280 6400 12800 > 900 80440 59677.78
Water 0.03 3.05 4.2 2.4 0.7 <0.01 <0.01 0.04 0.24
Tissue (100% Dry-Matter) 3500 29500 12500 3300 5200 140 8 10152 11830
Accumulation Factor 116666.7 9672.13 2976.19 1375 7428.57 > 14000 > 800 253800 4929.17
Accumulation Factor = Concentration in Duckweed Tissue / Concentration in Water















Table 6.5: Ranking of macro and micro nutrient accumulation in naturally occurring 
duckweed populations from agricultural impoundments receiving only in-direct nutrient 
inputs located in the piedmont and coastal plain of South Carolina.  Mean Accumulation 
Factors were based on 5 samples. 
Ranking of Nutrient Accumumlation in Duckweed 
Ranks are based on means of 5 samples 
Nutrient Mean Accumulation Factor Rank 
   
Macro   
Primary   
K 5,677.00 2 
P 50,201.59 1 
   
Secondary   
Ca 2,317.95 2 
Mg 977.10 3 
S 5,802.08 1 
   
Micro   
Cu 700.00 4 
Fe 17,610.26 2 
Mn 74,256.29 1 
Zn 9,860.00 3 
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CHAPTER SEVEN
Conclusion: A Summation of Results and Closing Remarks 
The “Evaluation of Blue Tilapia (Oreochromis aureus) for Duckweed (Lemna 
minor) Control in South Carolina’s Private Waters” was authorized and funded by Clemson 
Cooperative Extension Service.  Stipulations for authorization of the project were that 
research must provide information that was relevant and useful to both agriculture 
producers and natural resources managers in South Carolina.  This research project 
consisted of 5 individual studies that were designed to improve the understanding of 
duckweed growth in agricultural impoundments and to assess the potential of Blue Tilapia 
as a biological control mechanism for duckweed.  Each of the 5 studies had several 
objectives, but the overall objectives of this research project were: 1) Evaluate the 
effectiveness of Blue Tilapia at controlling duckweed in irrigation waters, 2) Determine 
lethal temperature for stocks of Blue Tilapia in SC, 3) Improve the understanding of 
duckweed growth patterns and biomass production in irrigation waters, and 4) Assess the 
chemical composition of duckweed and evaluate nutrient accumulation within duckweed. 
We evaluated the ability of Blue Tilapia as a means of biological control for 
duckweed through laboratory and field studies.  We investigated the potential risk of 
naturalization of Blue Tilapia through lethal temperature trials and comparison of observed 
lethal temperatures with coastal SC winter water temperatures.  Juvenile Blue Tilapia 
consumed 36 – 86% of their body weight in duckweed every 24 hours in laboratory feeding 
trials.  Tilapia were stocked ponds with high density duckweed populations in the piedmont 
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and coastal plain.  Duckweed densities at time of stocking were approximately 19,310 
kg/ha.  Tilapia in field studies were lost shortly after stocking due to anoxic conditions 
induced by dense duckweed populations.  Observations suggest tilapia are not a viable 
control option in ponds with high density duckweed populations.  The absolute lethal 
temperature for tilapia observed in lethal temperature trials was 6° C with an LT50 of 8.8° 
C. Comparison of observed lethal temperatures with coastal winter water temperatures
suggested the risk of overwintering and potential for naturalization was real.  We confirmed 
our theory that tilapia could have survived coastal water temperatures during the 2014 – 
2015 winter by documenting tilapia populations that overwintered in several ponds on 
Kiawah Island in Charleston county.  We concluded tilapia have potential to control 
duckweed in ponds where duckweed population densities do not inhibit survival, but the 
threat of naturalization in coastal waters is real. 
We evaluated growth characteristics and composition of duckweed growing in 
agricultural impoundments in the piedmont and coastal plain of SC.  Growth characteristics 
included percent surface coverage, biomass, and the relationship of surface coverage and 
biomass.  Duckweed composition was analyzed to determine nutritional quality, nutrient 
concentrations, and ability to bioconcentrate nutrients.  Results of growth studies indicated 
duckweed populations changed in percent surface coverage and biomass throughout the 
growing season.  Duckweed surface coverage was greatest in August (98.75%) and lowest 
in October (77.8%).  Biomass was greatest in July (2.93 kg/m2) and lowest in October (1.76 
kg/m2).  Attempts to predict biomass by percent surface coverage were unsuccessful due 
to high variability of biomass as surface coverage neared 100%.  We concluded that 
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attempts to predict biomass based on surface coverage estimates must also incorporate a 
3rd dimension measurement to account for the layering effect of high density duckweed 
populations.  Analysis of forage quality for duckweed grown in agricultural impoundments 
revealed mean crude protein content of 20.38% and mean fat content of 2.38%.  Nutrient 
concentrations observed in duckweed tissue in order from greatest to least concentration 
were: K, Ca, Fe, Mn, P, Mg, Zn, and Cu.  Analysis of nutrient accumulation indicated 
duckweed bioconcentration was significant for all measured nutrients.  We ranked nutrient 
accumulation for macro and micro nutrients.  Rankings were as follows: primary macro (P 
> K), secondary macro (S > Ca > Mg), and micro (Mn > Fe >Zn > Cu).  Since all portions
of the duckweed study were conducted in agricultural impoundments receiving only 
indirect nutrient inputs, we concluded all reported values should be considered baseline 
figures.  Additionally, we concluded that duckweed had potential as a livestock feed source 
and as a species for use in bio-remediation of wastewaters. 
Results of this research project provide information that could be beneficial to 
agriculture producers, aquaculturist, natural resources managers, engineers, and a host of 
scientific investigators.  Information from this project is intended to supplement related 
studies in the literature.  In closing, we hope the results of this research will be used to 
promote the responsible use and culture of Blue Tilapia and improve the appreciation of 
what duckweed has to offer the agriculture and water treatment communities.  
